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Abstract

Cascaded DC/DC converter systems (or 'cascaded system&)ihstability
problems; i.e., although the subsystems may work well idd&ily, the whole
system may be instable due to the impedance interaction@these subsys-
tems. To solve this problem, a family of impedance-basduil&ation meth-

ods are proposed in this thesis.

First, parallel-virtual-impedance (PVI) and serieswattimpedance (SVI) con-
trol strategies are proposed to stabilise cascaded sysiarshaping the load
input impedance. Theoretically, the PVI or SVI control &#gy connect a vir-
tual impedance in parallel or series with the input port efltted converter so
that the magnitude or phase of the load input impedance caroddied within

a very small frequency range. Therefore, with the PVI or SMiteol strategy,
the cascaded system can be stabilised with minimal comgeoofithe load
performance. Then, based on the PVI and SVI control stregegdaptive-PVI
(APVI) and adaptive-SVI (ASVI) control strategies are poepd by introduc-
ing an adaptive mechanism to change the impedance. WithPhe ér ASVI
control strategy, the load converter can be stably conddotdifferent source
converters without changing its internal structure. ItIsoashown that the
ASVI control strategy is better than the APVI control stpateind can make
the cascaded system more stable. Moreover, a minimumerjpgiht-tracking
(MRPT) controller is proposed and utilised to solve the po&t problem of
the ASVI control strategy. Finally, a source-side SVI (Sptntrol strategy
and av RLCdamper are proposed to stabilise the cascaded system itigh be

source performance or input filter performance, respdgtive

All the proposed stabilisation and control methods arededdid by extensive

experimental results.
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Chapter 1

Introduction

1.1 Background

Nowadays, there are two types of ‘power supply’ architeefuil_uo, 2005), centralised
power system (CPS) and distributed power system (DPS)1Flgllustrates the structures
of CPS and DPS.

Fig. 1.1(a) shows the two typical features of CPS (Luo, 20@))there is only one
power conversion stage in CPS, and b) there are many outfiatjes generated by CPS.
The advantages of CPS include its concentrating of all pgn@ressing and thermal man-
agement technologies into a single converter that can bgras subcontracted, or pur-
chased as a stand-alone item (Bo, 2003). As a result, CPSyigwueular in traditional
electronic equipment, i.e., old computer or server powg@pbkusystems (Bodi, 1988).
However, the CPS has two unavoidable disadvantages (Ye 208R; Ren et al., 2005): a)
It is not easy to achieve redundant design; b) Partial failnay destroy the whole system.
These drawbacks mean that the CPS often fails to provideuatiegerformance for new
generations of electronic equipment, especially for scangel power applications such as
space stations (Thomas and Hallinan, 1990; Lee et al., 1888jaft (Sarlioglu and Mor-
ris, 2015), new communication systems (Liu et al., 2007k}tacal vehicles (Emadi et al.,
2006) and renewable energy systems (Arai et al., 2008).

DPS was developed in order to overcome the drawbacks of Gir8<@ll, 1990; Schulz
et al., 1990; Karlsson and Svensson, 2003). As shown in Figb)l DPS has the follow-
ing characteristics (Luo, 2001): a) there are multiple poganversion stages in DPS; b)
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Figure 1.1: Two types of ‘power supply’ architectures: (8 (b) DPS (Luo, 2005).

intermediate voltage bus is around the whole system; c)ipteilipstream or downstream
power converters are connected to the same voltage buscll)dea/nstream power con-
verter is located near its own load to provide the load vatal is worthy of mention
that, in Fig. 1.1(b), the upstream conversion stage couldither a power converter or
an electro-magnetic interference (EMI) filter. With thesemcteristics, the major dis-
advantages of CPS are entirely eliminated by DPS, and a goesee DPS is becoming
increasingly popular (Boroyevich et al., 2010).

However, DPS also has two disadvantages: a) as DPS is forynledistof power con-
verters, its cost is higher than that of CPS; and b) the intenabetween the power convert-
ers may cause instability problems for the entire DPS. Thaéo shortage is unavoidable
in practice, i.e., if the DPS is utilised, its relatively higost should be accepted. How-
ever for the latter shortage, the instability problem carsdlged by effective stabilisation
methods. That is also the main research topic in this thesis.

DPS can be divided into DC DPS (Hua et al., 1994) and AC DPS €84l., 2014),

according to types of intermediate voltage bus. A typical DES is presented in Fig.
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1.2. As shown, it is composed of a number of power converseish as DC/DC converter,
DCJ/AC inverter and AC/DC rectifier; and all the power coneestare connected to the
same DC voltage bus. Fig. 1.3 shows a typical AC DPS. In centeathe DC DPS, the

above power converters in AC DPS are all connected to the s&nmltage bus, instead

of the DC voltage bus. It is worth pointing out that both DC D&&l AC DPS are two

different structures of DPS, and it is hard to say which igdsedr worse (Xu and Cheng,
2011). However, the DC DPS is the only one studied in thisishes

1.1.1 DC Distributed Power Systems (DC DPS)

As shown in Fig. 1.4, most DC DPS can be derived from combanatiof four basic
configurations (Luo, 2001), which are cascading, paraliglsplit source and split load. A

description of these architectures and their charadsist given below.

1.1.1.1 Cascaded System

As shown in Fig. 1.4(a), the cascaded system includes dttleapower conversion stages,
and these power conversion stages are all interconnecte@lvpltage bus. There are three
advantages to the cascaded system. First, due to the dpplicdé the DC voltage bus,
each power converter can be placed near its correspondadgdoimprove the regulation
precision and dynamic performance of the load voltage. @#cine DC bus voltage can
appropriately be raised to decrease the power loss causen lime impedance. Finally,

multiple power conversion stages are suitable for the wigeti voltage application.

1.1.1.2 Paralleled System

As shown in Fig. 1.4(b), the paralleled system shares a cansnorce and load of its sub-
converters. It usually has three advantages. First, sime®ttput power of each power
converter is only one part of the system power, the thermgifydeof each power converter
becomes easier. Second, although the paralleling steugtareases the number of the
power semiconductor devices and passive components,gb&ieland thermal stress of
each power converter is greatly reduced. Finally, the rddaobhand modular design is very
easy to be achieved by the paralleled system, which is alseeoc@ent for increasing the

capacity of the system.



Storage Unit

DC/DC

DC

Bus

(b)

Solar cells

Wind turbine

Storage Unit

Electric Vehicle

| pcoc |

| Acpc |

| pcoe |

[ bcoc |

|

|

|

|

DC Bus

(©)

DC Bus

EMI

| 1
DC/DC | | DC/AC |

Application: Washing or
Drying machines ...

Application:

Heater, Sound ...

(d)

Application:
Light

Figure 1.4: Basic structures of DC DPS: (a) cascading; (lgljeding; (c) source splitting;

(d) load splitting.



1.1.1.3 Source Splitting

Source splitting structure is shown in Fig. 1.4(c). It altothe use of separate power
sources to supply a common load. This structure is verydeitar uninterrupted power
supply (UPS), i.e., if the main power source is not workirgghup energy can be connec-
ted to the DC voltage bus, supporting the system via the s@piitting structure.

1.1.1.4 Load Splitting

As shown in Fig. 1.4(d), the load splitting structure is a feguration where separate
power converters are utilised to feed different loads. Bhigcture is suitable for a large-
scale power supply system, such as a spacecraft (Lingjie, &04.3), shipboard (McCoy
and Amy, 2009) and DC micro-grid (Kwasinski and Onwuchek2@06). These systems
usually have many loads physically distributed over sutigthdistances. However, with
the load splitting structure, separate power convertardbedocated in close proximity to
each load to provide adequate regulation.

With the above four typical structures, DC DPS has becomeeasing popular, and
its applications range from small, several hundred watqeal computers (Heath, 1991),
through to kilo watt electronic vehicle systems (Kassakif)©0), to mega watt micro-grid
systems as well as other high-power applications found iarsgrid systems (Lee et al.,
2012).

1.1.2 The Instability Problem of Cascaded DC/DC Converter $stems

As discussed before, cascaded structure is a typical cbanestructure of DC DPS.

Thanks to the advantages of the cascaded structure, thedeasDC/DC converter system
(also called as cascaded system) is becoming increasinglylgr in various applications,
such as space stations, shipboards, battery chargingrsgjstéexd some other electrical
devices comprising of two or more converters (Blaabjerd.e2805; Shamsi and Fahimi,
2013; Ovalle et al., 2015). A typical cascaded system isadegiin Fig. 1.5. Its upstream
and downstream converters are called source and load ters;aespectively. However,
the closed-loop controlled load converter acts as a congtaver load (CPL) and behaves

as negative impedance in a small-signal analysis (KwasarskOnwuchekwa, 2011). As
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Figure 1.6: Two-port network model of the cascaded system.

a result, the stability of the cascaded system may be dedézb by CPL, with the oscil-
lating phenomenon then appearing in the cascaded systehoas &1 Fig. 1.5. This is
the instability problem of the cascaded system (Zhang £2@1.3; Konig et al., 2014; Du
et al., 2013). The fundamental concept of CPL and its negaéisistor characteristics are

explained in Appendix A.

1.1.2.1 Reason for the Instability Problem

In order to further reveal the instability reason of the ealsd system, the two-port network
model of the cascaded system of Fig. 1.5 is depicted in F&). Here,vi, andij, are the
input voltage and current of the cascaded system, respictiv,,s andip,s are the bus
voltage and current of the cascaded system, respectively.,gandi, the output voltage
and current of the cascaded system, respectively. In FigGlx (s) is the closed loop input
to output voltage transfer function of the soure= S) or load converterX = L); Zix (S)

is the closed loop input impedance of the source or load cteweSix (S) is the closed
loop load to input current transfer function of the sourcdéoad converter; andyx(S) is
the closed loop output impedance of the source or load ctetvekccording to Fig. 1.6,

the four basic input-to-output transfer functions of theaaed system can be derived as



2] (dB)

a e it
T} ] PSR } /CyCle

(@) (b)

Figure 1.7: Bode plots and Nyquist plot of the typical unktatascaded system: (a) Bode
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follows:
fin(S) _ Gyg(9)Gis(9)/ZiL(s) | 1
Un(S)li—0 L+Tm(s)  Zs(9 0
Vo(S) _ Gs(9)Guly
e v (1.2)
iin(s) _ Gis(s)GiL(s)
o oo 1+Tm() o
Vo(9) o _ GiL(s)GuL(S)Zos(s)
io(S) o0 Zoil9 1+Ti(s) &9
where
_ Zos(s)
™S = 709 )

It is known that, if the source and load converters are stalligidually, there will be
no right half plane (RHP) poles in the numerator expressib(s.1) ~ (1.4). Therefore, at
this moment, the stability of the cascaded system will berdeined byTy(s), i.e., if Tm(S)
meets the Nyquist criteria, the cascaded system is stahlervase, the system is unstable.
As a result,Tiy(s) is also called the minor loop gain of the cascaded systemn@baal.,
2015).

As discussed before, the mismatch betw&gg(s) andZ (s) is the basic instability



reason of the cascaded system. Actually, this instability phenomenon can be predicted by
Middlebrook criterion (Middlebrook, 1979; Turner et al., 2013; Feng et al., 2002), i.e.,
as shown the Bode plots in Fig. 1.7(a), if the amplitude of the source output impedance
|Zod| is intersected with the amplitude of the load input impedd#ge, and if the cut-off
frequencyfcs of the source converter is lower than the cut-off frequefigyof the load
converter, the cascaded system is unstable even if the converters can work well individually.
In Fig. 1.7(b), the Nyquist plot of Fig. 1.7(a) is also depicted, as seen, the system loop gain
Zys(8)/ZiL(s) indeed encircles{1, jO), which further proves that the cascaded system is
unstable in this case.

Therefore, even though the subsystems can work well individually, the cascaded system
may suffer instability problem due to the interaction betw&giis) andz_(s). It should be
stressed that the above instability problem refers to the slow scale instability problem, and
not the fast scale instability problem. This is because the analysis of the above instability
problem is based on state-space average model which ignores the information around the
switching frequency of power converters. Itis also worth pointing out that all the instability

problems and analysis refer only to slow scale instability cases in this thesis.

1.1.2.2 Characteristics of Source Output Impedance and Load Input Impedance

As discussed above, the instability problem of the cascaded system is caused by the inter-
section of the source output impedance and load input impedance. Therefore, the charac-
teristics of the source output impedance and the load input impedance are reviewed in this
sub-section. Some important conclusions have been drawn from the existing literature and
summarised here (S. Abe and Ninomiya, 2006; Hankaniemi et al., 2005; Middlebrook and
Cuk, 1976; Sable et al., 1991; Kazimierczuk and Starman, 1999; Abe et al., 2008; Thandi
etal., 1999).

a) Output impedance of the source converigs Z,sis the output impedance of the
sourceconverterindependenbn its load. The characteristiof Z,sis depictedby dotted

lines, as shownin Fig. 1.7(a).Here, if the sourceconverteris a switching-modepower
supply,fcsis the cut-off frequencyof its voltageloop. If thesourceconvertelis aLC input
filter, fcsis the filter resonantirequency.lt is obviousthat, Z,sis similar to the output

impedancef a LC filter. If f< fcg Zos presents the characteristiaf an inductance and
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Figure 1.8: The equivalent circuit model of the cascadetksys— A CPL cascaded with
aLC input filter.

if f > fcs Zospresents the characteristic of the source output filteraitgpa It is worth
pointing out that, for the source converter, its open-loafpat impedance is higher than
its closed-loop output impedance, and if the source coawerialL.C input filter, its output
impedance is higher than other type source output imped&éde and Ninomiya, 2006).

b) Input impedance of the load converi&y: Generally,Z; refers specifically to the
input impedance of the load converter operating in contisururrent mode (CCM). The
characteristic oZ;,_is depicted by solid lines, as shown in Fig. 1.7(a), whigiels the cut-
off frequency of the voltage loop of the load converterf ¥ fc(, Zj. behaves as a negative
resistor with the value o#\%'s (Hankaniemi et al., 2005), whekgs is the intermediate
bus voltage an@®, is the output power of the load converter; and it fcp, Zj. behaves
as an inductor. It is worth mentioning that whér< fc|, |Zj_| is inversely proportional to
Py, (Middlebrook and Cuk, 1976; Sable et al., 1991; Kazimiekcand Starman, 1999).

1.1.2.3 Physical Explanation of the System Instability Prblem

According to sub-section 1.1.2.2,sis similar to the output impedance oL& filter, and
Zj. behaves as a negative resistor if the load converter isaltedras a CPL. Therefore,
from the impedance point of view, the cascaded system caimpdified into an equivalent
LC input filter cascaded with a negative resistor. As shown ¢ Ei8,L; andC; are the
inductance and capacitor of the equivale@tinput filter, respectivelyRi c is the equivalent
negative resistor.

As shown in Fig. 1.8, the transfer function of the system caddscribed by the well-

known second-order function:

V] 1
T(s) = 2= (1.6)
. Lt
Vin  LiCr+sg-+1

By introducing the resonant frequenay and the damping factaf, (1.6) can be re-
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arranged in a more familiar format:

1
T(9) = - (1.7)
o2 T2 +1
where
S (1.8)
+/LiCs .
Lty
— 1.9
4 R (1.9)

If the input is excited with a unit-step function, the follmg Laplace equation can be

obtained:
1 1

V() = =
S +205+1s

(1.10)

To obtain the response in the time domain, the inverse Leplansform is utilised in

(1.10). The result can be derived as:

e*Zwot

V122

W = o/ 1— {2 (1.12)

0 =cos 1(Q) (1.13)

Y(t)=1— sin(agt + 0) for{ <1 (1.11)

where

It is known that, the poles affecting (1.7), denomdandp,, represent the denominator
roots for whichs? +2¢ wos+ w2 = 0 . Depending od value, these poles affect the stability
of the system described by (1.10) (Ozbay, 1999):

* { <0—Inthat case, poles affecting (1.10) feature a positimepertion. Whatever

the excitation level, the transient response diverges.

* { =0— This particular case implies two pure imaginary pges = + j w,, making

the system output permanently oscillating (no decay).

» { > 0—Thetwo poles now have a real portion (ohmic losses), andyhtem exhib-
its different responses depending on whether 1 (over-damping){ = 1 (critical

damping), or < ¢ < 1 for which we obtain a decaying oscillating response.
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According to (1.9), ifRnc < 0, then{ < 0, and therefore the whole system will be unstable
and its transient response diverge at any level of excitation. That is the physical explanation
of why a CPL may become unstable with ifS input filter. In addition, it can also be seen

that the —180 phase resulted by the load negative resistor characteristic is the main reason
for the instability of the cascaded system (Abe et al., 2008; Thandi et al., 1999).

1.1.2.4 The Worst Case of Instability Problem in Cascaded Systems

Due to the characteristic®f Z,s whenthe sourceconverteris a LC filter, its outputim-
pedances higherthanothertypesof sourceconvertergS. Abe andNinomiya,2006).Due
to thecharacteristicsf Zj_, whentheloadconverteoperatestafull load,it hasthelowest
negativeresistor.Accordingto (1.9) and(1.11),the lower negativeresistor,the largeros-
cillation of the unstablecascadedystem.Therefore the worst caseof instability problem
of a cascadedystemoccursat full loadandwhenthe sourceconverteris a LC inputfilter
(Zhangetal., 2013).

1.2 Literature Review

Since the instability problem is very likely to occur in a practical cascaded system, the
guestion of how to solve the instability problem of the cascaded system has been receiving
increasing attention. At present, many impedance-based stabilisation methods have been
proposed for the cascaded system, and they can be divided into two types: hardware-based
(Erickson and Maksimov, 2001; Cespedes et al., 2011; Marx et al., 2012; Abe et al., 2008;
Zhang et al., 2013) and software-based (Rahimi and Emadi, 2009; Karppanen et al., 2007;
Wu and Lu, 2015; Li et al., 2015; Liu et al., 2007a; Wang et al., 2005). For hardware-based
methods, the passive components, such as resistors, capacitors, inductors, and converters
are utilised to change the source output impedance or load input impedance to stabilise the
cascaded system. For software-based methods, advanced control methods are utilised to
modify the source output impedance or load input impedance to ensure the stability of the

cascaded system.
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Figure 1.9: Typical dampers and their application: R& parallel damper; (bRL parallel
damper; (cRL series damper; (d) Application.
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Figure 1.10: Stabilise the cascaded system by adding basitapor adaptive active ca-
pacitor converter: (a) adding bus capacitor; (b) addingdaactive capactior converter.
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1.2.1 Hardware-Based Stabilisation Methods

Since the reduced system damping caused by the CPL is theaose¢ of the instabil-
ity problem in cascaded systems (Middlebrook, 1979), thetrimduitive hardware-based
method is to increase the system damping by using dampeick¢en and Maksimov,
2001; Cespedes et al., 2011; Marx et al., 2012). Three tygarapers are depicted in Fig.
1.9, where the elements in the dashed line are used for dgmpume to the structure and
position of the damper, the three dampers are calleiR@parallel damper (Fig. 1.9(a)),
the RL parallel damper (Fig. 1.9(b)) and tiRd series damper (Fig. 1.9(c)), respectively.
In the system shown in Fig. 1.9(d) with these dampers, thk pethe output impedance
of the LC input filter can be damped, and a total separation bety&gmand |z | ensured
to stabilise the whole system.

It is worth pointing out that if the input filter is &, LCL or other high order filters, the
above dampers may be not useful. This is because the chistctef the output imped-
ance of these high order filters is more complex thariLtbdilter. For instance, the output
impedance of th&C filter only contains one resonant peak, but the output impee af
both T andLCL filters contain two resonant peaks. However, the above desgasnot
simultaneously damp two resonant peaks. It is also worthtjmgy out that, the input filter
only refers to theLC filter and the high order filters will not be discussed in thiedis.
In addition, if the source stage is a closed-loop converidr AC output filter, the above
dampers are not suitable either. Though the above dampedacapen the output imped-
ance of the closed-loop converter, they also increase tiher @f the converter and may
make the converter itself unstable. As a result, the abongdes are specifically proposed
for the application whose source stage l<Gainput filter.

However, in some cascaded systems, the source converteswgching power con-
verter, and not &C input filter. For instance, in electric vehicle on-board D&@mer sys-
tems, the feeder of the CPL is usually another power convedttes clear that the passive
dampers in Fig. 1.9 may not be suitable for such cascadeesgsiTherefore, another two
hardware-based stabilisation methods are proposed anshéug. 1.10 (Abe et al., 2008;
Zhang et al., 2013).
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In Fig. 1.10(a), the capacitance of the bus capacigg (Abe et al., 2008; 2006) or
the original load input capacit@;, (An and Lu, 2016) is increased. As a result, both the
source converter and the load converter are entirely déeduyy theCy,s or Ci,. Thus,
system stability is also ensured. However, this stabibsanethod has some unavoidable
drawbacks: 1) in order to stabilise the cascaded systemiga &apacitance value of the
bus capacitor is required and the electrolytic capacitar thabe utilised. However, the
electrolytic capacitor also means worse reliability far tascaded system (Ma et al., 2013);
2) a largelCysor Ciy results in poor dynamic performance of the cascaded sySteandi
etal., 1999); and 3) a larg€sor Ci, reduces the system power density (Cao et al., 2015).

In order to overcome the drawbacks of the stabilisation ogkin Fig. 1.10(a), an
auxiliary DC/DC converter, known as an adaptive active cdapaconverter (AACC), is
proposed to mimic the function &k,,s(Zhang et al., 2013). Fig. 1.10(b) presents a typical
structure of an AACC, which contains a capacitor, an induatal two switchers. It is
worth mentioning that the capacitor in the AACC is very snaaitl can be realised by a
film capacitor. Therefore, this AACC not only has the sambibsation function aCyg,
but also does not deteriorate the reliability of the casdaystem. In addition, the AACC
ensures the dynamic performance of the cascaded system &@dvanced control method.
However, the weak side of the AACC stabilisation methodas #m extra DC/DC converter
is required resulting in additional cost and power lossé®réfore, as with the larg€,s

or Cin, the AACC also reduces the power density of the system.

1.2.2 Software-Based Stabilisation Methods

As hardware-based stabilisation methods can lead to signtfpower loss, software-based
methods based on advanced control of the source converddiniRand Emadi, 2009;
Karppanen et al., 2007; Wu and Lu, 2015; Li et al., 2015) ordlael converter (Liu et al.,
2007a; Wang et al., 2005) are proposed.

Fig. 1.11 shows the existing software-based stabilizanethods for the source con-
verter (Rahimi and Emadi, 2009; Karppanen et al., 2007; VdLan 2015; Li et al., 2015).
In Fig. 1.11(a), an inductor current inner loop is introddite the source converter to add
a virtual resistor in a series with the filter inductor (Rahand Emadi, 2009; Karppanen

et al., 2007). With this virtual resistor, the resonant pefaithe source output impedance
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can be damped, and hence the stability of the cascaded sigségrsured. In Fig. 1.11(b),
the droop control is utilised by the source converter (Wulamd015). As a result, a large
virtual resistor is added in the series, with the output ef¥burce converter to damp the os-
cillation of the cascaded system. In Fig. 1.11(c), the oupliage differential inner loop
is used by the source converter to add a virtual resistornallghwith its output (Li et al.,
2015). With this output voltage differential inner loopetbutput impedance of the source

converter can be greatly reduced so that the system ingggisibblem can be solved.

Fig. 1.12 presents the existing software-based stabdisatethods for the load con-
verter (Liu et al., 2007a; Wang et al., 2005). In Fig. 1.12é3tabilising power is injected
into the load converter (Liu et al., 2007a). With this ingat{power, a virtual capacitor or
resistor is equivalently added in parallel with the inputtfws the load converter to remove
its CPL characteristic. In Fig. 1.12(b), the regulatiomsilgmaps of the source converter
is developed and sent to the control block of the load coaved shape the load input
impedance (Wang et al., 2005).

1.3 Motivation and Objective

As discussed above, prior to this research, many impedaased solutions have been pro-
posed to stabilise the cascaded system, and they can biéiethisgo two types: hardware-
based (Erickson and Maksimov, 2001; Cespedes et al., 20idngZet al., 2013) and
software-based (Rahimi and Emadi, 2009; Karppanen et@0.7;2NVu and Lu, 2015; Li
et al., 2015; Liu et al., 2007a; Wang et al., 2005). Howeusough these stabilisation
methods are able to stabilise the cascaded system, theytbinae drawbacks.

Firstly, most software-based stabilisation methods farushanging the source output
impedance, whilst the software-based stabilisation nusthad regulating the load input
impedance are rarely reported. However, load softwareébatabilisation methods are
necessary in practice. For instance, if the source convisrt@LC input filter, existing
source software-based stabilisation methods cannotalah& LC input filter and cannot
stabilise the cascaded system. Though passive damperseaatilifed at this moment,

doing so brings significant power loss to the cascaded sysiérarefore, of the existing
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stabilisation methods, only the method in (Liu et al., 2QG8asuitable in this case. It is
worth pointing out that though the method in (Wang et al.,3)@8 also a load stabilisation
software-based method, it requires the regulation sigmeah fthe source control block.
Thus, this method is also unachievable when the source denveal C input filter.

Secondly, most of the existing stabilisation methods needriformation of both the
regulated converter and the other converters. For instdheeexisting load stabilisation
methods need to shape the load input impedance accordirge tohiaracteristics of the
source outputimpedance. Similarly, the existing sourakiksation methods need to shape
the source output impedance according to the charactsristithe load input impedance.
In other words, when the source or load converter changesesttsting load or source
stabilisation method must be re-designed, which increthgedevelopment cycles and cost
of the whole cascaded system. In (Zhang et al., 2013), tHeeustudied this problem
and proposed that AACC be used to stabilise the cascadeehsygthout requiring any
information of the source or load converter. However, AA@QGuces the power density of
the cascaded system and is unacceptable for weight-limitadd volume-limited systems,
such as aircraft and hybrid electrical vehicles power sugyktems (Wen et al., 2012;
Wang et al., 2011).

Thirdly, all the existing stabilisation methods are foais® how to shape the source
outputimpedance or load input impedance, but ignore thggeict on the original perform-
ance of the cascaded system. However, stabilising thedadsystem can impede keeping
the original performance of the cascaded system. For iostaithe load converter wants
to achieve a good dynamic performance, its input impedamaeld be controlled as a neg-
ative resistor from small signal analysis, but this negatasistor characteristic is bad news
for the stability of a cascaded system. Another exampleas af the passive dampers:
though the existingRC or RL dampers can damp the output impedance of the source con-
verter and stabilise the cascaded system, they also bomgsdynamic performance and
reduce EMI ability of the source converter.

Therefore, the objective of this thesis is to propose a fawiilsoftware-based stabil-
isation methods to overcome the above drawbacks. It willddio she following ways:

a) To overcome the first drawback, this thesis proposes dyfafrioad software-based

stabilisation methods to shape the load input impedangeioal specific frequency range.

18



As aresult, the proposed load software-based stabilisatethods would not only stabilise
the cascaded system, but also keep most of the performartive ofiginal load converter.

b) To overcome the second drawback, this thesis introddeesdaptive function to
the proposed load software-based stabilisation methodgh Mé adaptive stabilisation
methods, the load converter would stably connect to diffieseurce converters without
changing its internal structure.

c) To overcome the third drawback, this thesis investig#tesimpact of the exist-
ing stabilisation methods via two-port network analysig] @roposes two software-based
methods to stabilise the cascaded system while improviegyktem performance.

However, it should be stressed that all the proposed metreddevoted to solving the
instability problem of the cascaded system formed by just ssurce converter and one

load converter.

1.4 Outline of the Thesis

There are nine chapters in this thesis. Chapter 1 is theduattmn, and Chapters 2 to
8 present the proposed stabilisation methods. Chapter dudtes the thesis and makes
suggestions for further work. The thesis is organised dgvisl

In Chapter 2, a parallel-virtual-impedance (PVI) contrivhtegy is proposed to solve
the instability problem of the cascaded system. It conneeistual impedance in parallel
with the input port of the load converter so that the magratad phase of the load input
impedance is modified in a very small range of frequency. Assalt, with the PVI control
strategy, the cascaded system can be stabilised with nsadwoad compromise. The re-
guirements, design considerations and experimentalsatin of the PVI control strategy
are presented in this chapter.

Since the PVI control strategy can add a virtual impedangaiallel with the load con-
verter to stabilise the cascaded system with minimised ¢maapromise, it seems natural
that a corresponding virtual impedance can also be addestigsswith the load converter
to realise the same function. Therefore, a series-viitagkdance (SVI) control strategy
is proposed in Chapter 3, which can also be treated as théopevent and complement

of the PVI control strategy. The concept, derivation, cohntealisation and experimental
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verification of the SVI control strategy are presented in[itéa3.

Though a family of load stabilisation methods, such as P\l &¥i| control strategies,
are proposed in Chapters 2 and 3 respectively, they reqetialed information on the
source converters. As a result, if the source converterasgéd, the PVI or SVI control
strategy must be re-designed for the load converter. It \goois that the characteristics
of the PVI and SVI control strategies increase the developmycles and cost of the cas-
caded system. In order to solve this problem, the adaptiretifon is introduced to the
PVI control strategy to generate another new control gyate the adaptive-PVI (APVI)
control strategy in Chapter 4. With the APVI control stratetipe load converter can be
stably connected to different source converters withoahging its internal structure. The
concept, realisation and experimental verification of th/Acontrol strategy are presen-
ted in Chapter 4.

In Chapter 5, it is shown that the cascaded system can béistabiia amplitude com-
pensation (SAC) or phase compensation (SPC) for the inppedance of the load con-
verter. Both PVI and SVI control strategies are essentially realisation methods for
SAC and SPC. Therefore, the SAC and SPC are firstly analysedanpared in Chapter
5. Itis shown here that, though both SAC and SPC can statihleseascaded system, the
system utilising the SAC is unconditionally stable, butdidionally stable when utilizing
the SPC, i.e., the cascaded system with SAC is more stabighbawith SPC. After this,
the comparison is also carried out for the PVI and SVI corgn@ltegies. The results shows
that the PVI control strategy has inevitable limitationsantrealising the SAC during the
whole load and input voltage range of the load converteghahe SVI control strategy
does not have limitations. Therefore, compared to the PYitrobstrategy, the SVI con-
trol strategy is more suitable for the SAC. Furthermore,atiaptive concept proposed in
Chapter 4 is also introduced here to the SVI control strategyenerate the adaptive-SVI
(ASVI) control strategy. Similar to the APVI control strgte the ASVI control strategy
stably connects the load converter to different source exdexs without changing its in-
ternal structure. Moreover, the ASVI control strategy caakenthe cascaded system more
stable than the APVI control strategy. The concept, cortlatk, realisation and experi-
mental verification of the ASVI control strategy are alsogarted in Chapter 5.

The ASVI control strategy utilises a proportional-intdgal) controller to find the
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centre frequency of the ASVI. However, this PI controllerymmaiss the right frequency
with excessive proportional or integral coefficients anadl¢o the failure of the ASVI

control strategy. Although this potential problem may nadeawith small proportional and
integral coefficients, it is a potential problem for the ASddntrol strategy. To make the
ASVI control strategy more reliable, this problem is stutdie Chapter 6. The relationship
between the bus voltage ripple and the centre frequencyeoABWVI is firstly analysed.

It is found that the relationship curve behaves like an iraepower-voltage curve of a
PV cell. Therefore, a perturb and observe (P&O) algorithseldaminimum-ripple-point-

tracking (MRPT) controller is proposed to find the centrgérency of ASVI instead of the
original PI controller. With the MRPT controller, the ASVbuotrol strategy can find the
centre frequency of the ASVI without the above problem. Ikemnore, in order to find

the centre frequency of ASVI quickly, the sinusoidal-tragkalgorithm (STA) is further

introduced into the MRPT controller to improve its procegsspeed. Both the potential
problem of the original ASVI control strategy with the PI ¢aoiler and the effectiveness
of the improved ASVI control strategy with the proposed MRgbhtroller are discussed
and experimentally verified in Chapter 6.

The analysis in Chapters 2 to 6 indicates that the ASVI corstirategy is the best
load stabilisation method for the cascaded system. The ABKrol strategy can not only
make the cascaded system become an unconditional staldgnsygm shaping the load
input impedance, but also changes the load input impedarigénoa very small frequency
range to minimise its impact on the original load converter.

However, though the ASVI control strategy has already ¢yeatiuced its impact on
the load converter, its rest impact is negative. In orderolgesthis problem, Chapter 7
moves the ASVI from the load side to the source side via a mepsource-side SVI
(SSVI) control strategy for the source converter. The pseploSSVI control strategy not
only has the same stabilisation function with the ASVI cohstrategy, but also improves
the performance of the source converter. In addition, stheeSSVI control strategy is
realised by changing the control block of the source corvgitie performance of the load
converter is not affected. Therefore, the SSVI controltegja can be treated as a supple-
ment to, and improvement on, the ASVI control strategy. Addally, due to the method

of realisation, the SSVI control strategy also can be ditig¢o the source stabilisation
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methods of the cascaded system. It is also worth pointinghaatsince the SSVI control
strategy stabilises the system by reducing the source pimpedance, it is also suitable
for the DPS with multiple upstream converters and one dawast converter.

As discussed above, the€ filter at the input of a DC/DC converter may cause instabil-
ity when the converter is controlled as a CPL and one of thex#ife solutions is to reduce
the output impedance of theC input filter by different stabilisation dampers. In Chapter
8, the impact of these dampers on tl@filter is analysed via two-port network analysis,
and it is found that the existing dampers all degrade theopmdnce of the originalC
input filter to some extent. In order to overcome this issumelRBC damper is proposed
to stabilise the whole system while improving the perforoeanf theLC input filter. In
addition, thisRLC damper is also designed to achieve real robustness adansitameter
variations of theLC input filter. Furthermore, in order to avoid the power lossewlphys-
ically implementing the damper, a control strategy for tH.Gs proposed to implement
the RLC damper as a virtudRLC (V RLO damper. The actual effectiveness of thBLC
damper and its impact on the CPL are fully evaluated via ted-petwork analysis, and
experimentally verified in Chapter 8.

Finally, Chapter 9 concludes the thesis and makes recomatiend for future work.

1.5 Major Contributions

The major contribution of this research is to propose a fawiimpedance-control-based
methods to stabilise the cascaded system without the dckwlod the existing solutions.

It achieves this primarily in six ways:

1. A set of virtual-impedance-based control strategiepesposed in this thesis — PVI
(Chapter 2) and SVI (Chapter 3). The PVI and SVI control styegs connect a vir-
tual impedance in parallel or series with the input impeeasf¢he load converter so
that the magnitude or phase of the load input impedance isfiedah a small fre-
guency range to ensure the stability of the whole systenteS®VI and SVI control
strategies only modify the load input impedance in a veryldine@uency range, they
can stabilise the cascaded system with minimised load campe. Therefore, the

PVI and SVI control strategies can not only be treated as ¢évweldpment and com-
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plement of the load stabilisation methods, but also as gohudisns for overcoming
the contradiction between the stability and performancihefcascaded system. In
addition, it is worthy of mention that, since both PVI and ®dhtrol strategies real-
ise the impedance decoupling of the source and load conseiteould not only
solve the instability problem of the cascaded system but lzdse the benefit of re-
moving the input capacitor of the load converter whose nabmain function is

impedance decoupling.

. Adaptive concept is introduced to stabilisation methodgenerate two novel software-
based stabilisation methods: APVI (Chapter 4) and ASVI (iZ&ib) control strategies.
With the APVI and ASVI control strategies, the load convedan be stably connec-
ted to different source converters without changing itermél structure. In contrast
to the existing stabilisation methods, the APVI and ASVIitohstrategies avoid the

redesign of the load converter, and hence save the costd@aggtaded system.

. The SAC and SPC methods are compared in Chapter 5. It isrkthatboth SAC and
SPC are two popular load stabilisation methods for the cetaystem. However,
prior to this thesis, there was no clear conclusion on whies Wwetter or worse.
This thesis, however, finds that though both SAC and SPC edilise the cascaded
system, the system utilising the SAC is unconditionallykdut conditionally stable
when utilising the SPC, i.e., the cascaded system with SAGoie stable than that
with SPC.

. The PVI and SVI control strategies are compared in ChdptéFhe results indic-
ate that the PVI control strategy has inevitable limitasiavhen realising the SAC
during the whole load and input voltage range of the load edsy, whilst the SVI

control strategy does not have limitations. Therefore, M control strategy is
more suitable for the SAC than the PVI control strategy.

. The potential problem of the ASVI control strategy is salvn Chapter 6. Though
the ASVI control strategy is so far the best load stabil@athethod, it is not perfect.
Since the ASVI control strategy utilises a Pl controller twifthe centre frequency of
the ASVI, the PI controller may miss the right frequency vaktessive proportional

or integral coefficients and cause the failure of the ASVItoarstrategy. Although
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this problem will not necessarily arise with small propontal and integral coeffi-
cients, it is potentially an issue for the ASVI control stgy. To make the ASVI
control strategy more reliable, a MRPT controller is pragb® replace the original
PI1 controller. With the MRPT controller, the ASVI controlrategy could find the
centre frequency of the ASVI without the aforementionedopgm arising. In ad-
dition, the MRPT controller is further improved by STA to pet quickly find the

centre frequency of ASVI.

6. SSVI control strategy is proposed to stabilise the castagistem while improving
the performance of the source converter (Chapter 7). Ththuglexisting stabilisa-
tion methods can stabilise the cascaded system, they alidieghe performance of
the original cascaded system to some extent. Even the prdpg®¢l and SVI con-
trol strategies only keep most of the performance of the tmaterter: they cannot
improve it. However, the SSVI control strategy solves thiybem by not only mak-
ing the cascaded system stable, but also making the soungerter work better. In
addition, it is worth pointing out that since the SSVI cohstrategy stabilises the
system by reducing the source output impedance, it is ngtsntable for the cas-
caded system with one upstream converter and one downst@ararter, but also
for the distributed power system with multiple upstreamvesters and one down-

stream converter.

7. VRLCdamper is proposed to stabilise the cascaded system wiplewung the per-
formance of the_C input filter (Chapter 8). Though the existing dampers cawesol
the instability problem between the CPL andLi€ input filter, they degrade the per-
formance of the originalC input filter to some extent. In order to overcome this
drawback, & RLCdamper is proposed. This can not only stabilise the cascaded
tem, but also improve the performance of tli&input filter and improve the system
efficiency compared to the existing dampers.
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Chapter 2

Parallel-Virtual-Impedance (PVI)
Control for Load Converters

As discussed in Chapter 1, a load stabilisation method isssaey for the cascaded system
because the source output impedance cannot be changedtint oogthod in some special
applications. For instance, if the source converteri€ anput filter, the existing software-
based source stabilisation method cannot modify its outppiedance and cannot stabilise
the cascaded system either. Therefore, this chapter pFs@oparallel-virtual-impedance
(PVI) control strategy, which connects a virtual impedaimgearallel with the input port of
the load converter so that the magnitude or phase of the igad impedance is modified
in a small frequency range, thus solving the instabilitybpeon of the cascaded system.
As a result, even if the source converter is@input filter, the cascaded system still can
be stabilised with the minimised load compromise via theppsed PVI control strategy.
The requirements and design consideration of the PVI cbstii@tegy are discussed in this
chapter.

The rest of this chapter is organised as follows. In Secti@ntBe basic idea of the load
shaping method is discussed, and the concept, derivattbreatisation of the PVI control
strategy are presented. Two design examples of the PVIaaitategy are then given in
Section 2.2. Based on the design examples, two experinvg&ntalation cascaded systems
are fabricated to verify the effectiveness of the PVI cdrgtategy in Sections 2.3 and 2.4,

respectively; and in Section 2.5, this Chapter is summdrise
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Figure 2.1: Basic idea of load shaping methods: (a) onlyeiasingZ;_ | at[f1, f2] to make
a total separation betweéR,g and|Z;_|; (b) only changingp(Z) at [f1, f2] to ensure
|6(Zos) — ¢(ZiL)| < 18F at [fy, fa).

2.1 PVI Control Strategy

2.1.1 Basic ldea of Load Shaping Methods

It is understood that if the designer wants to make the castsgstem stable while keeping
most of the dynamic performance of the original load comaretthe best method is to
changez;_ only in the vicinity of the intersection frequencies|@f,s| and|Z;_|. Here,Zos
is the source output impedance, ahdis the load input impedance. As shown in Fig. 2.1,
f1 and f, are the intersection frequencies|dfs| and|Z;_|.

Fig. 2.1 illustrates that there are two better ways to ragua : (a) only increasing

|ZiL| betweenf; and f, to make a total separation 2,5 and|Z;_| (See Fig. 2.1(a));
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Figure 2.2: A cascaded system with parallel virtual impegan

and (b) only increasing (Z;_ ) at[fy, fo] to ensuré¢ (Zos) — ¢ (ZiL )| < 18@ during|fy, fo]
((See Fig. 2.1(b))). In Fig. 2.%; p is the input impedance of the load converter with the

latter proposed PVI control strategy.

2.1.2 Expression of the Parallel-Virtual-ImpedanceZpy (S)

In fact, the load shaping idea in Section 2.1.1 can be rebhgedding a virtual impedance
Zpy|(S) in parallel with the load input port. As shown in Fig. 2.2 eafaddingZpy(s), the
shaped load input impedanggp(s) can be expressed as

_ Zi(9) - Zpvi(9)
ZiL(S) +Zpvi(9)

Zip(S) =ZL(S) || Zpvi(S) (2.1)

wherez;_(s) is the original input impedance of the load converter anfl & fc| its ex-
pression is—Vbzus/ P,. Here,VpsandP, are the input voltage and output power of the load
converter, respectively.

a) According to Fig. 2.1(a), if a total separation betwgéyy and|Z; p| is needed and

the minimised change & is also requiredZ; p should satisfy:

If{fe[fy, f2]} — |ZiLp|> Zosp (2.2)

I {f¢[f, o]} — Zip=2ZL (2.3)
whereZ,spis the peak value dZ,g|.
According to (2.2) and (2.3%;.p can be further expressed as

Zip = (2.4)

—|ZiL1| f e [f1, f2
Z f ¢ [f1, f2]
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where|Zj 1| > Zyspis the amplitude oF; p during[fy, fo].
According to (2.1) and (2.4), in order to ensufa | become|Z p| as shown in Fig.

2.1(a) successfullygpy| can be selected as

(V2,/Po) ZiL1|
Zpy| = ﬂ _ ) (-V2/Po)—(~1Zia)) f e [fy, o]
Zy —Zyp +o0 f ¢ [f1, f2]
Vil
V2~ 1ZiL1|Po Felf, f2 (2.5)
+o f ¢ [f17 fZ]

b) Similarly, according to Fig. 2.1(b), ifp(Zos) — ¢ (Zip)| < 18F is needed to be
ensured withinf;, fo] and the minimised change &f is also requiredz; p should satisfy:
1f{fe[f, f]} — |6<9d (2.6)
HF{f¢[f1, o]} — ¢(Zir)=¢(ZiL) (2.7)

where@ is the phase of;_p during|fy, f2].
According to (2.6) and (2.7%;.p can be further expressed as

2 i
o~ JERIET felh 28
Zi f ¢ [fy, o]

According to (2.1) and (2.8), in order to ensu#a | become|Z p| as shown in Fig.

2.1(b) successfullyZpy| can be selected as

- (VB/P)[(VBg/Po)el]
Zpy| — ﬂ — (—VéS/PO)_[(\t;gus/po)eje] fe [f]_, fz]
ZiL —Zip +o0 ¢ [, ]
V2 io
_ B Hijerg f e [fy, f 29)
+o f ¢ [f17 fZ]

In summary, if theZpy |, which is expressed by (2.5), is added in parallel with tteallo
input impedance, a total separation betwegyz| and|Z; p|, as shown in Fig. 2.1(a), can
be realised. If theZpy|, as expressed at (2.9), is added in parallel with the loadtinp
impedance|¢(Zos) — ¢ (ZLp)| < 18¢ within [f1, f,], as shown in Fig. 2.1(b), can be
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Figure 2.3: Small signal block diagram of the original loaxhweerter.

Table 2.1: Definitions of variables and transfer functionkiad converter

Vps Perturbation of the bus voltage
i Perturbation of the load current
iy Perturbation of the bus current
d Perturbation of the duty cycle
v Perturbation of the output voltage
v, Perturbation of the output voltage reference
G(s) Transfer function of the voltage regulator
Guds) Transfer function of the modulator
Zior(s) Open-loop input impedance
Grd(s) Control to output voltage transfer function
Gids) Control to input current transfer function
Zy01(S) Open-loop output impedance
Hy(s) Sampling coefficient of the output voltage
Gioi(s)| Open-loop load to input current transfer function
Gyor(s)| Open-loop input to output voltage transfer function

ensured.

2.1.3 Derivation of the PVI Control Strategy

As shown in Section 2.1.2, witBpy, the cascaded system can be stabilised by changing
|ZiL| or ¢(Z) in a very small frequency range to minimise the load compsemHence,
in this section, a PVI control strategy for the load conveidgoroposed to realisépy .
First of all, the small signal block diagram of the originadl converter is presented
in Fig. 2.3. As seenyyys andipys are the input voltage and current of the load converter,

respectively; and, andi, are the output voltage and current of the load convertepects

31



= Zp(s)} - !

Loop gain
Hy(s) <

Figure 2.4: Small signal block diagram of the load convestdn Zpy .

ively. d is the duty cycle of the load converteio (S), GioL(S), Gid(S), GvoL(S), ZooL(S)
andG,q4(s) are the six basic open-loop transfer functions of the loaveder. In addition,
for the original load converter, a voltage closed-loop iisgd, whereHs(s) and Gy(s)
are the sampling coefficient and voltage regulator trarfsiection of the output voltage,
respectively, andGy (s) is the transfer function of the modulator. All the variabbesd
transfer functions of Fig. 2.3 are described in Table 2.1.

Z; (s) is the input impedance of the original load converter. Tfeeee for the original
load converter, it§, s andvy,s have the following relationship:

ibus 1
— = 2.10
Vous  ZiL(S) ( )

If Zpy, is required to be added in parallel with the input port of thad converter, the

relationship between,s andvyysis changed to:

ibus 1 1
= + 2.11
Vous  ZL(S)  Zpvi(S) (2.11)

According to (2.11), the small signal block diagram of thed@onverter can be changed
to Fig. 2.4.

As shown in Fig. 2.4, 1Zpy, is introduced to the control block between thgsandipys
directly. From the small signal block diagram point of vidwg. 2.4 achieves the purpose
of addingZpy, in parallel with the input port of the load converter. Howgvieom the

control point of view, this method cannot be realised dlyedt is because any converter
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Figure 2.5: The PVI control strategy.

is only controlled by its duty cycle. In order to address th@&ie, the output of Zpy is
moved to the output voltage reference and equivalent adprsis are made to the transfer
function toGpy(S), as shown in Fig. 2.5.

According to Fig. 2.5, ifGpy/(s) is required to realise the parallel virtual impedance

1/Zpy, the following relationship can be obtained:

1 . 1
m = Vpus* GpvI(S) - Gy(S) - Gm(S) - Gig(9) - 1+ T

Vous® (2.12)

whereT,(s) = Hs(S)Gy(S)Gm(S)Gyqy(S) is the voltage loop gain of the load converter.

According to (2.12), the expression @py (s) can be derived as:

1 1+Tu(s)

= Zpy|(9) : Gv(S)-Gm(S) - Gia(s) (2.13)

Gpvi(9)

Up to this point, Fig. 2.3~ Fig. 2.5 present the whole derivation process of the PVI

control strategy; an®py(S) is the input-impedance-regulator of the PVI control stygite

2.1.4 Realisation of the PVI Control Strategy

As discussed abov&py(9) is the key point of the PVI control strategy. Therefore, meth
ods of realisingGpy(s) are discussed carefully in this section. According to (2(8)9)

and Fig. 2.5, the expression @by (s) can be derived as:
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a) To achieve a total separation betwé&gs| and|Zj p|, Gpy 1(S) is

_Vbzus_‘ZiLl‘PO . 1+Tv(s)
Gpyii(s) = VZJzZia|  Gu(5)-Gm(9)-Gid (9 felfy, (2.14)
0 f & [f1, fo]
b) To ensuré¢ (Zos) — ¢ (ZiLp)| < 18X at f; and fo, Gpy2(S) is
P 148 1+Tu(s)
Gpvia(9) =  Vos & GGG relh (2.15)
0 f & [f1, f]

According to (2.14) and (2.15%pv(S) is a frequency-based piecewise transfer func-
tion, where|Gpy(s)| > 0 within [f1, fo] and|Gpy(s)| = 0 outside f1, f] as shown in Fig.
2.6. Hence, a band-pass filt€gpr(s) can be utilised to help achiev@py(s). In other
words, (2.14) and (2.15) can be re-expressed as (2.16) ahd) (Pespectively.

V2~ |ZiL1|Po 1+ Ty(s)
Gpyi(s) = —-2 : - Ggpe(S 2.16
Py VéelZLa  Gu(s)-Gm(s)- Gia(s) 5P (S (2.16)
P 1+l 1+ Ty(s)
Gevia(s) Vbzus' el 'Gv(s)-GM(s).Gid(s)‘GBPF(S) (2.17)

where Ggpg(s) adopts a typical second order band-pass filter, which is osew of a

second order high-pass filter and a second order low-pass §iven as

& ‘ (2mfp)?

Cerr(s) = 2+ (2mf1/Qu)s+ (2m1f1)? P+ (2mfp/QL)s+ (2mf2)?

(2.18)

whereQy andQ_ are quality factors of the high-pass and low-pass filtepeetvely.
According to (2.16) and (2.17¥pv|(S) is easy to realise using digital control chips,
such as a digital signal processor (DSP), field programngdikearray (FPGA) and micro-
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Figure 2.7: The System 1.

Table 2.2: Parameters of the System |

Parameter Ly Cr La Ch Rra
Value 700 pH 68 uF 33 uH 2400 pF 1.44Q)

controller unit (MCU).

2.2 Design Example

As illustrated in Chapter 1, the worst instability phenomene most likely to occur when
the source converter isl& input filter. Buck and Boost converters are two typical DC/DC
converters, so a 100 W cascaded system, which consists®irgut filterand a 48 V - 12

V Buck converter, and a 200 W cascaded system, which inclati€snput filter and a 24

V - 48 V Boost converter, are designed in this section.

2.2.1 System | — a Buck Converter with aLC Input Filter

A 100 W cascaded system withL& input filter (source stage) and a 48 V - 12 V Buck
converter (load stage) has been designed, and are showq. &.Fi The Buck converter
operates at 100 kHz. The cut-off frequency and phase mafdimeovoltage close loop
of the Buck converter is set to 20 kHz and°4Bespectively. The corresponding system
parameters are summarised in Table 2.2.

The output impedancg,s of the LC input filter is given in (2.19), wher® s is the
parasitic resistor of.; and the measured value isl@®@. According to the small-signal
circuit model of the Buck converter (Cuk, 1976), the inpupadanceZ. of the Buck
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Figure 2.8: Bode plots of,s andz of the System I.

converter can be expressed as (2.20).

Zos(s) = (sLi+Rir)/(s’LCs+SR Cs+1) (2.19)
-1
2, D%
Z0(9) 1 sCr1D”+ &5 T(s) P (2.20)

1+Ty(s) SZLf1Cf1+S%+1 1+Tu(s) Vbzus

whereP, andD are the output power and the duty cycle of the Buck convadspectively.

Fig. 2.8 shows the Bode plots @fs andZ_ in the example system. As seen above,
when the load is lower than 35% full-load, the system is stabtherwise, the cascaded
system is unstable and the oscillation should occur at &8tz theoretically (Wildrick,
1993).

To conveniently solve the instability problerd; is designed to a positive resistor
within [f1, f,] to ensure|¢ (Zos) — ¢ (ZiLp)| < 18CF, i.e., B is set to O at (2.17). By the
small signal model of Buck converter (Cuk, 1976) and (2.117@, expression oGpy(S)

can be derived as
Gpvi(S) = Gpvia(s) - Po- Gerr(S) (2.21)
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Figure 2.9: Software flowchart of the PVI control strategy.

where
_ 2Hs(s> RLd
VousVo [$PL1Cs1+S(RLdCr1+ L1 /Rua) + 2]

here, inGgpg(s), f1 = 685Hzand f, = 780Hz Qy = 0.707 andQ_ = 0.707.

The Bode plot of the modified input impedandgp, is shown with dashed line in Fig.
2.8. As seenld (Zos) — ¢ (ZiLp)| < 18(° at f; and f,. Therefore, the cascaded system will
be stable and the design Gpy (S) is appropriate.

Gpvi1(S) (2.22)

Since the PVI control strategy is realised by the DSP TMS233B5 in practice, its
software flowchart is presented in Fig. 2.9. Both input antpouvoltage of the load
converter are sampled to provide the necessary informfdiahe PVI control strategy and
to calculate the final reference of output voltage. With thalfoutput voltage reference,

the load converter is regulated by the compendaigs).

2.2.2 System Il — a Boost Converter with a.C Input Filter

Fig. 2.10 shows a 200 W cascaded system consisting.Gfiaput filter (source stage) and
a 24V - 48V Boost converter (load stage) operated at 100 kitweShe Boost converter

is a non-minimum phase system, a proportional—integrgl ¢Btroller is employed as
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Figure 2.10: The System II.

Table 2.3: Parameters of the System Il

Parameter Ly Cr Ln Ch Rra
Value | 250 zH | 330 4F | 720 gH | 450 @F | 11.52Q

the compensator, and the cut-off frequency and phase mafdhre voltage closed loop
of the Boost converter is set to 2.5 kHz and 3&spectively. The corresponding system
parameters are summarised in Table 2.3.

The output impedancg,s of the LC input filter has been given in (2.19), thus it is not
repeated here. Owing to the small-signal circuit model efBloost converter (Cuk, 1976),

the input impedancg;_ of the Boost converter can be expressed as (2.23).

-1
Zi(s) = 1+'1I'V(s) ' s2Lf1cf1RLz?rlsFiLfi:1RLd(1— D)2 11@9 'vzj (2.23)
whereD andP, are the duty cycle and output power of the Boost convertspaetively.

Fig. 2.11 shows the Bode plots Bfs andZ_ in the example system, as seen when the
load is lower than 20% full-load and the cascaded systeraldestOtherwise, the cascaded
system is unstable and the oscillation occurs at theotigtadaout 520 Hz (Wildrick, 1993).

In order to solve the instability problem convenient®y, is designed to a positive
resistor within ff1, o] to ensure|d(Zos) — ¢(Zip)| < 18, i.e., 8 is set to 0 at (2.17).
Then, according to the small signal model of Boost convé@eik, 1976) and (2.17), the

expression 06Gpy(s) can be derived as

Gpvi(S) ~ Gpyi1(S) - GerF(S) (2.24)
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Figure 2.11: Bode plots af,sandz; of the System II.

where

2Hs(S)P, —slLs1/(1-D)?
Gpvi1(s) = V;S)/OO' R ngl;L/d(-l-Z ) (2.25)

Also, for Ggpg(s), f1 = 520 Hz andf; = 645 Hz,Qy = Q. = 0.707.

The Bode plot of the modified input impedanZgp, is represented by a dashed line in
Fig. 2.11, with|¢ (Zos) — ¢ (ZiLp)| < 180 at f; and f,. Therefore, the improved cascaded
system is stable and the designGy(s) is appropriate.

In practice, the Boost converter is also controlled by DSPSBRIOF28335, and its PVI
control strategy can be realised according to the softwavecfiart in Fig. 2.9. Since the

flowchart has already been explained in Section 2.2.1, ibtisepeated here.

2.3 Experimental Verification

According to the design examples, two experimental systeave been fabricated and

tested in the lab to verify the validity of the PVI controlatiegy.
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Figure 2.12: Experimental waveforms of System | at full lo&ad) without PVI control
strategy, (b) with PVI control strategy.
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Figure 2.13: Experimental waveforms of System | at half logg without PVI control
strategy, (b) with PVI control strategy.
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Figure 2.14: Experimental waveforms of System | at lighdtloéa) without PVI control
strategy, (b) with PVI control strategy.

2.3.1 System | — a Buck Converter with aLC Input Filter

System | is a 100 W cascaded system consisting b€anput filter and a 48 V - 24
V digital-controlled Buck converter. Its topology, paraers and control algorithm are
presented in Fig. 2.7, Table 2.2 and Fig. 2.9, respectively.

The experimental results of System | with/without the PVihirol strategy at different
loads are given in Figs. 2.12 to 2.14, where the waveformg,@fandv, are their ac
components to clearly show the oscillation. As seen in Fg$2(a) and 2.13(a), System
| is unstable at full load and half load when the PVI controatgy is absent, and the
oscillating frequencies of the bus voltage and output galtare both about 685 Hz, which
concurs with the conclusion at Fig. 2.8. As shown in Fig. gbl2nd Fig. 2.13(b), when
the PVI control strategy is incorporated, System | becortase at full load and half load,
and no oscillation occurs im,,s andv,. Fig. 2.14(a) shows the experimental waveforms
of ip, Vhus @andv, at 35% full-load without the PVI control strategy. It shovsit System |
is stable, which is consistent with Fig. 2.8. Besides, asvsha Fig. 2.14(b), System | is
also stable at 35% full-load when the PVI control strategytiksed.

In order to further show the zoomed waveforms of System | witihhout the PVI con-

trol strategy at full load, its simulation results are giwrrigs. 2.15(a) and (b). According
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to the zoomed waveforms in Fig. 2.15, the PVI control stnatedeed solves the instability
problem of System |I.

Based on Fig. 2.15(a), the harmonic distribution histogadrBystem | without PVI
control strategy at full load is presented at Fig. 2.16. khewn that, without the PVI
control strategy, there is an obvious harmonic componeigf &f,sandv, at 700 Hz, which
is around the oscillation frequency. According to Fig. 2 th@ oscillation deteriorates the
quality of ig, Vous andvy: with the total harmonic distortion (THD) of the unstalde vpus
andv, at 9.488%, 13.969% and 9.488%, respectively.

Based on Fig. 2.15(b), the harmonic distribution histogadr8ystem | with PVI con-
trol strategy at full load is presented at Fig. 2.17. It carseen that there is no obvious
harmonic component af, v,s andvy with the PVI control strategy. Therefore, the PVI
control strategy indeed solves the instability problem ygt&m | at full load. In addition,
compared to Fig. 2.16, the PVI control strategy also impsdtie quality of o, Vipusandvp:
with the THD of stable,, vy ,sandvg reduced to 0.013%, 0.001% and 0.013%, respectively.

Fig. 2.18(a) shows the dynamic performance of System | wiseload steps between
10% and 100% full-load at the rated input voltage (48 V) iatiltg that the dynamic
performances of System | with PVI control strategy are goédy. 2.18(b) shows the
dynamic performance of System | when its input voltage sbep&een 80% (38.4 V) and
120% (57.6 V) rated voltage at full load. It can be seen thatdynamic performance of
System | with PVI control strategy is also good.

2.3.2 System Il — a Boost Converter with a.C Input Filter

A 200W cascaded system withL& input filter and a 24 V - 48 V digital-control-based
Boost converter is fabricated. Its topology, parametedscamtrol algorithm have already
been described in Fig. 2.10, Table 2.3 and Fig. 2.9, resfsgti

The experimental results of System Il with/without the PUhtrol strategy at different
loads are given in Figs. 2.19 to 2.21, where the waveformg,@fandv, are their ac
components to clearly show the oscillation. As seen in Fg$9(a) and 2.20(a), System
Il is unstable at full load and half load when the PVI contrishiegy is absent, and the
oscillating frequencies of the bus voltage and output gatare both approximately 520
Hz, which concurs with the conclusion at Fig. 2.11. As showirig. 2.19(b) and Fig.
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Figure 2.18: Dynamic experimental waveforms of System hwAVI control strategy: (a)
load changing between 10% load and 100% load, (b) inputgelthanging between 80%
rated voltage and 120% rated voltage.
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Figure 2.19: Experimental waveforms of System Il at fulldoga) without PVI control
strategy, (b) with PVI control strategy.
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Figure 2.20: Experimental waveforms of System Il at halfdtoéa) without PVI control
strategy, (b) with PVI control strategy.

2.20(b), when the PVI control strategy is incorporated{&yd| becomes stable at full load
and half load, and no oscillation occurswysandv,. Fig. 2.21(a) shows the experimental
waveforms ofio, Vipus andvy at 20% full-load without the PVI control strategy. It is show
here that System Il is stable, which is consistent with Fig12and Fig. 2.21(b) indicates
that System Il is stable at 20% full-load when the PVI constahtegy is utilised.

Fig. 2.22(a) shows the dynamic waveforms of System Il wheto#&d steps between
10% and 100% full-load at the rated input voltage (24 V). Thaammic performance of
System Il with PVI control strategy is good. Fig. 2.22(b)wisdhe dynamic performance
of System Il with the input voltage steps between 80% (19.2n) 120% (28.8 V) rated
voltage at full load. It is shown that the dynamic performantSystem Il with PVI control
strategy is good.

The above two examples indicate that the PVI control styaitegffective and feasible

in practice.
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Figure 2.21: Experimental waveforms of System Il at ligtgtdo (a) without PVI control
strategy, (b) with PVI control strategy.
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Figure 2.22: Dynamic experimental waveforms of System thvAVI control strategy: (a)
load changing between 10% load and 100% load, (b) inputgelthanging between 80%

rated voltage and 120% rated voltage.
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2.4 Simulation Verification

2.4.1 Simulation Verification of System | with the Consideraion of the
Load Input Capacitor

The input capacitor is usually a necessary component of @GzBnverters in practice.
Therefore, a simulink model adding a 146 input capacitor to the Buck converter of Fig.
2.7 has been built in Matlab to verify the accuracy of the PMiteol strategy.

The simulation results of System | with consideration otlogut capacitor at different
loads are given in Figs. 2.23to0 2.25. As with the above erpemial results, the simulation
waveforms ofv,ys andv, are also their ac components and clearly show the osciilafie
seen in Figs. 2.23(a) and 2.24(a), System | is unstableldbad and half load when the
PVI control strategy is absent. As shown in Fig. 2.23(b) aiid B.24(b), when the PVI
control strategy is incorporated, System | becomes stalhldl #oad and half load, and no
oscillation occurs invy s andvy. Fig. 2.25(a) shows the simulation waveforms Qfvpus
andv, at 35% full-load without the PVI control strategy. It showsit System | is stable.
As shown in Fig. 2.25(b), System | is also stable at 35% fudld when the PVI control
strategy is utilised. It is worth pointing out that thanksthe added input capacitor, the
oscillation waveforms in Figs. 2.23(a) and 2.24(a) are Bné#han those in Figs. 2.12(a)
and 2.13(a).

Fig. 2.26(a) shows the load dynamic performance of SystentHh the PVI control
strategy and the added load input capacitor. It shows thahle load steps between 10%
and 100% full-load at the rated input voltage (48 V), the dgitaperformance of System
| is good. Fig. 2.26(b) shows the input voltage dynamic pennce of System | with
the PVI control strategy and the added load input capacitaalso shows that with the
input voltage steps between 80% (38.4 V) and 120% (57.6 ¥yradltage at full load, the

dynamic performance of System | is also good.

2.4.2 Simulation Verification of System II with the Consideiation of
the Load Input Capacitor

Similarly, a simulink model adding a 130 input capacitor to the Boost converter in Fig.
2.10 has also been built in Matlab to verify the accuracy efRVI control strategy.
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Figure 2.23: Simulation waveforms of System | with the adided input capacitor at full
load: (a) without PVI control strategy, (b) with PVI contisitategy.
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Figure 2.27: Simulation waveforms of System Il with the adittead input capacitor at full
load: (a) without PVI control strategy, (b) with PVI contisitategy.
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Figure 2.28: Simulation waveforms of System Il with the aditbead input capacitor at half
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The simulation results of System Il with consideration aidanput capacitor at dif-
ferent loads are given in Figs. 2.27 to 2.29. Similar to thevaelexperimental results, the
simulation waveforms ofy,,s andv, are also their ac components and clearly show the
oscillation. As seen in Figs. 2.27(a) and 2.28(a), Systemuhstable at full load and half
load when the PVI control strategy is absent. As shown in Eig7(b) and Fig. 2.28(b),
when the PVI control strategy is incorporated, System llobees stable at full load and
half load, and no oscillation occurswgysandv,. Fig. 2.29(a) shows the simulation wave-
forms ofiy, Vpus andvy at 20% full-load without the PVI control strategy. It showst
System Il is stable. In addition, as shown in Fig. 2.29(b}kt8m Il is also stable at 20%
full-load when the PVI control strategy is utilised. It is ko pointing out that, thanks
to the added input capacitor, the oscillation waveformsigsF 2.27(a) and 2.28(a) are
smaller than those in Figs. 2.19(a) and 2.20(a).

Fig. 2.30(a) shows the load dynamic waveforms of System thihe PVI control
strategy and the added load input capacitor. It shows thidit iwad steps between 10%
and 100% full-load at the rated input voltage (24 V), the dgitaperformance of System
Il is good. Fig. 2.30(b) shows the input voltage dynamic perfance of System Il with
the PVI control strategy and the added load input capacltaalso shows that with the
input voltage steps between 80% (19.2 V) and 120% (28.8 ¥yradltage at full load, the
dynamic performance of System Il is also good.

The above simulation results demonstrate that the PVI cbsiirategy is effective and

feasible when the load converter contains input capacitors

2.5 Summary

In order to solve the instability problem of the cascadedesysa PVI control strategy is
proposed in this chapter. This research shows that the PMtalcstrategy modifies the
input impedance of the load converter only in a small rang&exfuencies. Therefore,
it not only stabilises the whole system, but also ensuresoa ggnamic performance of
the load converter. Furthermore, the proposed method caedtised by a simple digital
control algorithm, thus this approach is feasible in practiFinally, two example systems

are fabricated to validate the correctness of the PVI cbatrategy.
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Chapter 3

Series-Virtual-Impedance (SVI) Control
for Load Converters

In Chapter 2, a PVI control strategy is proposed to stabihgecascaded system with the
minimised load compromise. Since the PVI control strategyadd a virtual impedance in
parallel with the load converter to realise its functiorgah be assumed that a correspond-
ing virtual impedance also can be added in the series witlodigeconverter to realise the
same function. Therefore, a series-virtual-impedancd)(&dhtrol strategy is proposed in
this chapter, which can also be treated as a developmenhadfc@mplement to the PVI
control strategy. The concept, derivation and design e¥esrgf the SVI control strategy
are discussed carefully in this chapter. Similar to the Rdfitmol strategy, the SVI control
strategy is also verified by two experimental/simulatiosozaled systems.

The other parts of this chapter are arranged as follows: ai@e3.1, the basic idea
of load stabilisation methods, the concept and realisaifaine SVI control strategy are
studied. Following that, two design examples of the SVI oardtrategy are presented
in Section 3.2; and two experimental/simulation cascagstems are fabricated to verify
the effectiveness of the SVI control strategy in Sectio@sa®d 3.4, respectively. Finally,

Section 3.5 concludes the chapter.
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3.1 SVI Control Strategy

3.1.1 Basic ldea of Load Shaping Methods

As discussed in Chapter 2, when a designer wants to keepshadsd system stable while
keeping a better performance of load converter, the best $ta@bilisation method is to
changez; only in the vicinity of the intersection frequencies|@fs| and|Z;_|. Here,Zys
is the source output impedance, afid s the load input impedance.
As shown in Fig. 3.1, there are two better ways to regufate
(a) Make a total separation ¢Z,g| and|Z;_| by increasingZ;_| only during[fy, f]
(See Fig. 3.1(a));
(b) Ensure|¢(Zos) — ¢ (ZiL)| < 18P at f; and f, by increasingg(Z) only during
[f1, f2] (See Fig. 3.1(b)). Herd; andf, are the intersection frequencies|dfg| and|Z; |.
Note, in Fig. 3.1,Zs is the input impedance of the load converter with the latter

proposed SVI control strategy.

3.1.2 Expression of the Series-Virtual-Impedanc&sy (s)

The load shaping idea in Section 3.1.1 can be realised byngduivirtual impedance
Zsy((S) in series with the load input port. As shown in Fig. 3.2, thepd load input

impedancé; s(s) can be expressed as
Ziis=ZiL +Zsvi (3.1)

wherez;_is the original input impedance of the load converter arfddf fc|_ its expression
is —Vbzus/ Po. Here VpsandP, are the input voltage and output power of the load converter,
respectively.

a) As illustrated in Fig. 3.1(a), if a total separation beagwé& g and|Z;_s| is needed

and the minimised change &jf_ is also required?; s should satisfy:

If{fe[f, f2]} — |ZiLs|>Zosp (3.2)

If{f&[f, f2]} — Zis=2ZL (3.3)
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whereZ,spis the peak value diZ,g|.

According to (3.2) and (3.3%;.s could be further expressed as

Zis—d ™ |ZiL4| f e [fy, 2 (3.4)
ZiL f & [f1, f]

where|Zj_1| > Zyspis the amplitude o, s during[fy, fa].
According to (3.1) and (3.4), in order to ensy# | successfully becomég; s| as

shown in Fig. 3.1(a)Zsv| can be selected as

— ‘ZiLl‘ — (_Vbzus/Po) fe [fl, fz]
VATIEATE f & [f1, f2]

(Viae/Po) — 1 Zi1l felfy, fa
0 f ¢ [f1, T2

Zsy) = ZiLSZiL{
(3.5)

b) Similarly, according to Fig. 3.1(b), ifp (Zos) — ¢ (Zis)| < 18 is to be ensured
within [f1, f2] and the minimised change 8j_ is also required?; s should satisfy:

1f{fe[fy, f2]} — |0 <9 (3.6)
HE{f & [f, o} — ¢(Zis)=0(ZL) (3.7)

where@ is the phase of; s during|[fi, f].
According to (3.6) and (3.7%;.s could be further expressed as

(3.8)

(VAg/Po) e felfy, f)
Ziis=
Z f ¢ [fy, fo]

According to (3.1) and (3.8), in order to ensydg | successfully becomeg; s| as

shown in Fig. 3.1(b)Zsv| can be selected as

(Vbzus/PO) eje - (_Vbzus/PO) fe [f17 fz]
ZiL —Zi f ¢ [f]_, fz]
{(vsm (1+69)  feltf)

Zsy) = ZiLS—ZiL{

(3.9)
0 f ¢ [fy, fo]
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Table 3.1: Definitions of variables and transfer functionkid converter

Vys Perturbation of the bus voltage
i Perturbation of the load current
iy, Perturbation of the bus current
d Perturbation of the duty cycle
v Perturbation of the output voltage
v, Perturbation of the output voltage reference
G(s) Transfer function of the voltage regulator
Gas) Transfer function of the modulator
Zior(S) Open-loop input impedance
Gyd(S) Control to output voltage transfer function
Gids) Control to input current transfer function
Zoo1(S) Open-loop output impedance
Hy(s) Sampling coefficient of the output voltage
Gior(s)| Open-loop load to input current transfer function
Gyor(s)| Open-loop input to output voltage transfer function

In summary, if theZsy,, which is expressed by (3.5), is added in the series with the
load input impedance, the total separation betw@gg and |Z; s| shown in Fig. 3.1(a)
can be achieved. If thésy,, which expressed by (3.9), is added in the series with the loa
input impedancel$ (Zos) — ¢ (Zis)| < 18 within [fy, f,] as shown in Fig. 3.1(b) can be

ensured.

3.1.3 Derivation of the SVI Control Strategy

According to Section 3.1.1, witBsy), the cascaded system can be stabilised by increasing
|ZiL| or ¢(Z) in a very small frequency range to minimise the load compsemHence,
in this section, a SVI control strategy for the load convedgroposed to realisésy .

First of all, the small signal block diagram of the originaht converter is presented in
Fig. 3.3.vwpsandip,sare the input voltage and current of the load converter eetsgely.
Vo andi, are the output voltage and current of the load convertgpeats/ely.d is the duty
cycle of the load converteZio| (S), GioL(S), Gid(S), GvoL(S), ZooL(S) andGyq(s) are the
six basic open-loop transfer functions of the load converie addition, for the original
load converter, a voltage closed-loop is utilised, wheges) and Gy (s) are the sampling
coefficient and voltage regulator transfer function of tlhipat voltage, respectively; and
Gwm(9) is the transfer function of the modulator. All the variabéesl transfer functions of
Fig. 3.3 are described in Table 3.1.

Z;(s) is the input impedance of the original load converter. Tfeges for the original
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Figure 3.5: Derivation of the SVI control strategy.
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load converter, itsy,s andip,s have the following relationship:

Vbus = ZiL (S)ibus (3.10)

If Zsy is added in the series with the input port of the load convgtite relationship

betweenv,,sandiy,sis changed to:

Vous— ZsvI(S)ibus = ZiL (S)ipus (3.11)

As indicated by (3.11), the small signal block diagram of lib@d converter can be
changed to Fig. 3.4.

Fig. 3.4 illustrates that-Zsy is introduced to the control block between thgs and
ipus directly. From the small signal block diagram point of vielig. 3.4 achieves the
purpose of addingsy, to the series with the input port of the load converter. Hasvev
from the control point of view, this method cannot be realid@ectly. It is because that
any converter is only controlled by its duty cycle. In ordeatidress this issue, the output of
—Zsyv ) is moved to the output voltage reference, with equivaleptsithents to the transfer
function toGgy((s), as shown with the Fig. 3.5.

Fig. 3.5 shows that wheGsy|(S) is required to realise the series virtual impedance
Zsv, the following relationship can be obtained:

Ibus- [~Zsvi(S)] - %(s) = Ibus- Gsvi(S) - Gm(S) - Gig (S) - 1+'l|'v(S)

whereTy(s) = Hs(S)Gv(S)Gm(S)Gyy(S) is the voltage loop gain of the load converter.

(3.12)

According to (3.12), the expression @&y (s) can be derived as:

_Zsvi(s)  1+TW()
ZiL(s) Gm(s)-Gig(s)
[+ T(9)]-Po
Gid (S) : GM (S) 'Vbzus

Gsvi(9)

= Zsvi(S) (3.13)

Up to this point, Fig. 3.3~ Fig. 3.5 represent the whole derivation process of the SVI

control strategy, an®sy/(S) is the input-impedance-regulator of the SVI control sggte
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3.1.4 Realisation of the SVI Control Strategy

According to Section 3.1.%5sy((S) is the key point of the SVI control strategy. Therefore,
methods of realisingsy/((s) are discussed in this section.

According to (3.5), (3.9) and Fig. 3.5, the expressiotig{/(s) can be derived in the
following ways:

a) To achieve a total separation betwéggs| and|Z; s|, Gsvn(S) is

2 17 TP
Govn(s) = | o/ Al gie vy el
0 f & [f1, f2]
b) To ensuréd (Zos) — ¢ (ZLs)| < 18(° at f; and o, Gsyp(s) is
2 . joy . [1+Tv(9)]Po
Govaty = 1 Vo) (1+e0) gEe G fellufd gy
0 f & [fq, f2

According to (3.14) and (3.15%sv/(s) is a frequency-based piecewise transfer func-
tion, where|Ggy((s)| > 0 within [f1, f2] and|Gpy(S)| = O outsidg f1, f2] as shown in Fig.
3.6. Hence, a band-pass fil@gpr(s) can be utilised to help achieasy/(s), i.e., (3.14)
and (3.15) can be re-expressed as (3.16) and (3.17), resghgct

[1+Ty(s)] - Po
Gig(s) - Gm(S) - Vi

Gsvi(s) = [(Was/Po) —|Zia]] - -Ggpr(9) (3.16)

[1+Ty(9)] P

Gia(s)-Gm(s) V2, Gepr(s)  (3.17)

Gsvi(s) = (Véﬁs/Po)-<1+eje>-
where Ggpg(S) adopts a typical second order band-pass filter, which is ocseg of a

second order high-pass filter and a second order low-pass §iven as

2 ‘ (2mfp)?
P+ (2mf1/Qn)s+ (21f1)? P+ (2mfa/QL)s+ (27fy)?

GBPF(S) = (3-18)

whereQy andQ, are quality factors of the high-pass and low-pass filtepeegvely.
According to (3.16) and (3.17%sv/(S) can be easily realised by digital control chips,
such as a digital signal processor (DSP), field programngikearray (FPGA) and micro-
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Figure 3.6: Characteristic 0Gsy/(S)|.

[ PWM | [fom v, ADC]:
¢ :| module module

4 &

Figure 3.7: The System 1.

controller unit (MCU).

3.2 Design Example

As discussed in Chapter 1, the worst instability phenomeaarest likely to occur when
the source converter islaC input filter. As Buck and Boost converters are two typical
DC/DC converters, a 100 W cascaded system, which consiste@finput filter and a 48

V - 12 V Buck converter, and a 200 W cascaded system, whiclides a_C input filter
and a 24 V - 48 V Boost converter, are designed in this section.

3.2.1 System | — a Buck Converter with aLC Input Filter

A 100 W cascaded system withL& input filter (source stage) and a 48 V - 12 V Buck
converter (load stage) is designed, which is shown in Fig.. I he Buck converter is
operated at 100 kHz. The cut-off frequency and phase maidineovoltage close loop
of the Buck converter are set to 20 kHz and® 4®spectively. The corresponding system
parameters are summarised in Table 3.2.

The output impedancggs of the LC input filter is given in (3.19), wher® s is the

parasitic resistor of.; and the measured value isl®@. According to the small-signal
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Table 3.2: Parameters of the System |

Parameter Ly Cr L Ca Ria
Value 700 pH 68 uF 33 uH 2400 uF 1.44Q2

..... Z1(35% full load)
- — Zygs(full load) — Zos
50 o1 .‘.‘...c': }
30 T
m g
= 10 %
< NG
0 i LM
180 .. .
L
9 lld
= 0 / l ."."
N v
T A o
-90 At
. 1 E E‘r P il W )
180 bt g Tt
10 107 1°°0 100 107

/i=685Hz f(Hz) /=780 Hz
Figure 3.8: Bode plots df,sandZz;_ of the System I.

circuit model of the Buck converter (Cuk, 1976), the inpupadanceZ. of the Buck
converter can be expressed as (3.20).

sLi + R ¢
_ 19

X 1
1 sCr1D? + RD_Ld Tu(s) P,

Zy(s) ' - '
! 1+Ty(s) Szl_f]_Cf]_‘i‘S:i—lf_i‘i‘l 14+Tu(s) Vb2us

(3.20)

whereP, andD are the output power and the duty cycle of the Buck convadspectively.
Fig. 3.8 shows the Bode plots dfsandz;_ in the example system: when the load is
lower than 35% full-load, the cascaded system is stableratke, the cascaded system is
unstable and the oscillation occurs at approximately 688idaretically (Wildrick, 1993).
To solve the instability problem convenientl¥ is designed as a positive resistor
within [f1, f,] to ensure|¢ (Zos) — ¢ (Zis)| < 187 , i.e., 8 is set to 0 at (3.17). By the
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Initialization | Sample v,
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: | Get v, - v, | |Samprle ibusl
Waiting for l
interrupt | Call G, | v

l Call GSV]
V Sum outputs of G,

and Ggyy to get
modulation signal

!

A

AD interrupt Generate PWM
service ¢
routine

Return
SVI

Figure 3.9: Software flowchart of the SVI control strategy.

small signal model of the Buck converter (Cuk, 1976) and{B.the expression ddsy(S)

can be derived as

Gsvi(S) = Gsvii(s) - Gepr(S) (3.21)
where
1+sR4Cy, 2VmRLg
G S\~ |1— . 3.22
svu(9 < PL11Cr1+5(RaCri+Lr1/Ra) +2)  Voud (8.22)

here, inGgpg(s), f1 = 685Hzand f, = 780Hz Qy = 0.707 andQ_ = 0.707.

The Bode plot of the modified input impedana®,s, is shown with double dotted-
dashed line in Fig. 3.8, withp(Zos) — ¢ (Zis)| < 18X at f; and f,. Therefore, the cas-
caded system will be stable and the desigBef(s) is appropriate.

As the SVI control strategy is realised by a DSP TMS320F2883%actice, its soft-
ware flowchart is presented in Fig. 3.9. The input curigntand the output voltage,
of the load converter are sampled to provide the necessfmmation for the SVI control
strategy and output voltage regulation. The algorithmiokththe modulation signal by

adding the output oBsy/(s) to the output ofG(s). It then generated the PWM signal by
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Figure 3.10: The System II.

Table 3.3: Parameters of the System Il

Parameter Ly Cr Ln Ch Rra
Value | 250 zH | 330 4F | 720 gH | 450 @F | 11.52Q

PWM module.

3.2.2 System Il — a Boost Converter with a.C Input Filter

Fig. 3.10 shows a 200 W cascaded system consisting.Gfiaput filter (source stage) and
a 24V - 48V Boost converter (load stage) operated at 100 kitweShe Boost converter
is a non-minimum phase system, a proportional—integrgl ¢Btroller is employed as
the compensator and the cut-off frequency and phase mairgjie @oltage closed loop of
the Boost converter are set to 2.5 kHz an@®,32spectively. The corresponding system
parameters are summarised in Table 3.3.

The output impedancg,s of the LC input filter is given in (3.19), and is threrefore not
repeated here. According to the small-signal circuit madehe Boost converter (Cuk,

1976), the input impedancty of the Boost converter can be expressed as (3.23).

Zu(5) = 1 sCr1Rg+1 Wy R (3.23)
! 1+Tu(s) $L11CriRg+Ski1+R4(1-D)2  1+Ty(s) V3 '

whereD andP, are the duty cycle and output power of the Boost convertspaetively.
Fig. 3.11 shows the Bode plots dfs andZ;_ in the example system: when the load is

lower than 20% full-load, the cascaded system is stablerofke, the cascaded system is
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------ Zi, (20% full load) - =- =2, (full load)
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£=520Hz D £645Hy

Figure 3.11: Bode plots af,sandz; of the System II.

unstable and the oscillation occurs at approximately 52€hdaretically (Wildrick, 1993).
In order to conveniently solve the instability proble#, is designed as a positive

resistor within ff1, f,] to ensurd¢ (Zys) — ¢ (Zis)| < 18P, i.e.,B is setto 0 at (3.17). Ac-

cording to the small signal model of Boost converter (Cuki@)@and (3.17), the expression

of Ggy((S) can then be derived as

Gsvi(8) ~ Gsvi(S) - Gepr(S) (3.24)

where

2V [$?L11Cs1R g +SLf1 +Rig(1—D)?]
Vo(SCr1RLa +2)

Also, for Ggpg(s), f1 =520 Hz andf, = 645 Hz,Qq = Q. = 0.707.

The Bode plot of the modified input impedanZg s, is represented by a double dotted-
dashed line in Fig. 3.11, with(Zos) — ¢ (ZiLs)| < 18(° at f; and f,. Therefore, the im-
proved cascaded system is stable and the desiGaafs) is appropriate.

In practice, the Boost converter is also controlled by DSPSBRIOF28335, and its SVI

Gsviu(s) = (3.25)

control strategy can be realised by the software flowchafign 3.9. Since the flowchart
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b A

Vius: |3 V/div]

Time: [500 ps/div] v, [1 V/div]
(@)

io [5 A/dIV]

Vous: [5 V/div]

ve: [1 V/div]
Time: [500 us/div] |

(b)

Figure 3.12: Experimental waveforms of the System | at full load: (a) without SVI control
strategy, (b) with SVI control strategy.

has already been explained in Section 3.2.1, it is not repeated here.

3.3 Experimental Verification

According to the design examples, two experimental systems have been fabricated and
tested in the lab to verify the validity of the SVI control strategy.

3.3.1 System | — a Buck Converter with aLC Input Filter

Systeml is a 100 W cascadedystemconsistingof a LC input filter anda 48V - 12 V
digital-controlled Buck converter.Its topology, parametersand control algorithm are
presentedhn Fig. 3.7, Table3.2andFig. 3.9,respectively.

The experimental results of System | with/without the SVI control strategy at different
loads are given in Figs. 3.12 to 3.14 respectively, where the waveformgandyv, are
their ac components to clearly show the oscillation. As seen in Figs. 3.12(a) and 3.13(a),
System | is unstable at full load and half load when the SVI control strategy is absent, and
the oscillating frequencies of the bus voltage and output voltage are both about 685 Hz,
which concurs with the conclusion at Fig. 3.8. As shown in Fig. 3.12(b) and Fig. 3.13(b),
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ip: [5 A/div]
: Vous: [S V/div]
:\_/\\/\__/\

vo: [1 V/div]
Time: [500 ws/div] |

(@)
i: [5 A/div]

Vous: [5 V/div]

vo: [1 V/div]

Time: [500 ws/div]
(b)

Figure 3.13: Experimental waveforms of the System | at fwaét (a) without SVI control
strategy, (b) with SVI control strategy.

when the SVI control strategy is incorporated, System | bexpstable at full load and

half load, and no oscillation occurs ip,s andv,. Fig. 3.14(a) shows the experimental
waveforms ofio, Vs andv,p at 35% full-load without the SVI control strategy. This sheow
that System | is stable, which is consistent with Fig. 3.8sAswn in Fig. 3.14(b), System

| is also stable at 35% full-load when SVI control strategutifised.

Fig. 3.15(a) shows the dynamic performance of System | wiseload steps between
10% and 100% full-load at the rated input voltage (48 V). ibwh that the dynamic per-
formance of System | with SVI control strategy is good. Figl5§b) shows the dynamic
performance of System | when its input voltage steps betv@®8a (38.4 V) and 120%
(57.6 V) rated voltage at full load; and shows that the dymraparformance of System |

with SVI control strategy is also good.

3.3.2 System |l — a Boost Converter with a.C Input Filter

A 200 W cascaded system withL& input filter and a 24 V - 48 V digital-control-based
Boost converter is fabricated. Its topology, parametedscamtrol algorithm are described
in Fig. 3.10, Table 3.3 and Fig. 3.9, respectively.

The experimental results of System Il with/without the Suhtrol strategy at different
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ip: [5 A/div]
Vius: [S V/div]

vo: [1 V/div]

Time: [500 wus/div]
(a)
i,: [5 A/div]
Viust [S V/div]

vo: [1 V/div]

Time: [500 us/div]
(b)

Figure 3.14: Experimental waveforms of the System | at ligatl: (a) without SVI control
strategy, (b) with SVI control strategy.

| 7 \

i,: T5 A/div]

Vius: [S V/div]

Vo [1 V/div]
Time: [10 ms/div]

(@)

\.__
Vin: [20 V/div]

Vius: [20 V/div]
v,: [1 V/div]

Time: [50 ms/div]
(b)

Figure 3.15: Dynamic experimental waveforms of the Systeviti SVI control strategy:
(a) load changing between 10% load and 100% load, (b) inptag® changing between
80% rated voltage and 120% rated voltage.
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[l | L T [l ARV
Vous: [5 V/div]

Time: [S0U us/div] ve: [2 V/di

(a)
i: [2 A/div]
i Viust [5 V/div]
vo: [2 V/div]
e v D
Time: [500 us/div]
(b)

Figure 3.16: Experimental waveforms of the System Il atlbdd: (a) without SVI control
strategy, (b) with SVI control strategy.

i [2 A/div]

Yonet [5 V/div]

N\\/\

: Voi J2aY/div]

Time: [500 ps/div]
(@)
i,: [2 A/div]

Vous: [5 V/div]

V. [2 V/div]

e

Time: [500 us/div]
(b)

Figure 3.17: Experimental waveforms of the System Il at lealfl: (a) without SVI control
strategy, (b) with SVI control strategy.
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ip: [2 A/div]
Veus: [ V/div]

Vo [2 V/div]

e

Time: [500 ps/div] :

(a)
i [2 A/div]
Vius: [5 V/div]
vo: [2 V/div]
by " |
Time: [500 ps/div]
(b)

Figure 3.18: Experimental waveforms of the System Il attlighd: (a) without SVI control
strategy, (b) with SVI control strategy.

loads are given in Figs. 3.16 to 3.18, where the waveformg,@fandv, are their ac
components to clearly show the oscillation. As seen in F&$6(a) and 3.17(a), System
Il is unstable at full load and half load when the SVI contrishiegy is absent, and the
oscillating frequencies of the bus voltage and output gatare both approximately 520
Hz, which concurs with the conclusion in Fig. 3.11. As showrrig. 3.16(b) and Fig.
3.17(b), when the SVI control strategy is incorporated{&yd| becomes stable at full load
and half load, and no oscillation occurswysandv,. Fig. 3.18(a) shows the experimental
waveforms oiy, Vipusandv, at 20% full-load without the SVI control strategy. Systensl|
stable, which is consistent with Fig. 3.11. In addition, lagven in Fig. 3.18(b), System I
is stable at 20% full-load when the SVI control strategy iBagd.

Fig. 3.19(a) shows the dynamic waveforms of System Il wheto#&d steps between
10% and 100% full-load at the rated input voltage (24 V). Tlaammic performance of
System Il with SVI control strategy is good. Fig. 3.19(b)wisdhe dynamic performance
of System Il with the input voltage steps between 80% (19.2n) 120% (28.8 V) rated
voltage at full load. It is also indicated that, the dynaméefprmance of System Il with
SVI control strategy is good.

The above two examples indicate that the SVI control styaitegffective and feasible
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f 1
i————l = {L"__‘_ .
i,: [2 A/div]
Vius: [S V/div]

vo: [2 V/div]
Time: [IO‘ms/diV]
(a)
i \
" Vin: [10 V/div]

Vius: [10 V/div]

o

Time: [SO‘ms/diV]
(b)

Figure 3.19: Dynamic experimental waveforms of the Systemith SVI control strategy:
(a) load changing between 10% load and 100% load, (b) inptag® changing between
80% rated voltage and 120% rated voltage.

Vor [1 V/div]

in practice.

3.4 Simulation Verification

3.4.1 Simulation Verification of System | with the Consideraion of the
Load Input Capacitor

The input capacitor is usually a necessary component of @G¢bnverters in practice.
Therefore, a simulink model which adds a 31B input capacitor to the Buck converter of
Fig. 3.7 has been built in Matlab to verify the accuracy of $hW control strategy.

The simulation results of System | with consideration fa tbad input capacitor at
different loads are given in Figs. 3.20 to 3.22. Similar te #bove experimental results,
the simulation waveforms ofy,s andv, are also their ac components to clearly show the
oscillation. As seen in Figs. 3.20(a) and 3.21(a), Systesruhstable at full load and half
load when the SVI control strategy is absent. As shown in Big0(b) and Fig. 3.21(b),
when the SVI control strategy is incorporated, System | bexostable at full load and half

load, and no oscillation occurs #g,sandv,. Fig. 3.22(a) shows the simulation waveforms
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Figure 3.20: Simulation waveforms of the System | with thdetlload input capacitor at
full load: (a) without SVI control strategy, (b) with SVI ctol strategy.
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Figure 3.21: Simulation waveforms of the System | with thdetlload input capacitor at

half load: (a) without SVI control strategy, (b) with SVI doal strategy.
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Figure 3.22: Simulation waveforms of the System | with thdetlload input capacitor at
light load: (a) without SVI control strategy, (b) with SVI ool strategy.
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of iy, Vpusandvy at 35% full-load without the SVI control strategy. It showsat System I is
stable. In addition, as shown in Fig. 3.22(b), System | i atable at 35% full-load when
the SVI control strategy is utilised. It is worth pointingtdhat, thanks to the added input
capacitor, the oscillation waveforms in Figs. 3.20(a) ar&l@) are smaller than those in
Figs. 3.12(a) and 3.13(a).

Fig. 3.23(a) shows the load dynamic performance of Systenth the SVI control
strategy and added load input capacitor. It shows that wghldad steps between 10%
and 100% full-load at the rated input voltage (48 V), the dgitaperformance of System
| is good. Fig. 3.23(b) shows the input voltage dynamic penénce of System | with
the SVI control strategy and the added load input capacitaalso shows that with the
input voltage steps between 80% (38.4 V) and 120% (57.6 ¥yradltage at full load, the
dynamic performance of System | is also good.

3.4.2 Simulation Verification of System Il with the Consideation of
the Load Input Capacitor

Similar to Section 3.4.1, a simulink model adding a 34® input capacitor to the Boost
converter of Fig. 2.10 has been built in Matlab to verify tlewacy of the SVI control
strategy.

The simulation results of System Il with consideration foe toad input capacitor at
different loads are given in Figs. 3.24 to 3.26. Similar te #bove experimental results,
the simulation waveforms of,,s andv, are also their ac components to clearly show the
oscillation. As seen from Figs. 3.24(a) and 3.25(a), Sydteis unstable at full load
and half load when the SVI control strategy is absent. Asiitlated by Fig. 3.24(b) and
Fig. 3.25(b), when the SVI control strategy is incorporategstem Il becomes stable at
full load and half load, and no oscillation occursvg,s andv,. Fig. 3.26(a) shows the
simulation waveforms oif,, Vpus andvy at 20% full-load without the SVI control strategy.
It shows that System Il is stable. In addition, as shown in B@6(b), System Il is also
stable at 20% full-load when the SVI control strategy isisgidl. It is worth pointing out
that, thanks to the added input capacitor, the oscillatiameforms in Figs. 3.24(a) and
3.25(a) are smaller than those in Figs. 3.16(a) and 3.17(a).

Fig. 3.27(a) shows the load dynamic waveforms of System thihe SVI control
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Figure 3.23: Dynamic simulation waveforms of the Systemthv@@VI control strategy and
the added load input capacitor: (a) load changing betweét Ib@d and 100% load, (b)
input voltage changing between 80% rated voltage and 1268d valtage.
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Figure 3.24: Simulation waveforms of the System Il with theed load input capacitor at
full load: (a) without SVI control strategy, (b) with SVI ctol strategy.
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Figure 3.25: Simulation waveforms of the System Il with theed load input capacitor at
half load: (a) without SVI control strategy, (b) with SVI doal strategy.
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Figure 3.26: Simulation waveforms of the System Il with theed load input capacitor at
light load: (a) without SVI control strategy, (b) with SVI cwol strategy.
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Figure 3.27: Dynamic simulation waveforms of the System ithv&VI control strategy
and the added load input capacitor: (a) load changing betd8éo load and 100% load,
(b) input voltage changing between 80% rated voltage anécli2bed voltage.
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strategy and the added load input capacitor. It shows thattiwe load steps between 10%
and 100% full-load at the rated input voltage (24 V), the dgitaperformance of System
Il is good. Fig. 3.27(b) shows the input voltage dynamic perfance of System Il with
the SVI control strategy and the added load input capacitaalso shows that with the
input voltage steps between 80% (19.2 V) and 120% (28.8 ¥jradltage at full load, the
dynamic performance of System Il is also good.

The above simulation results indicate that the SVI contiraitegy is also effective and

feasible when the load converter contains the input capacit

3.5 Summary

Based on the idea of the PVI control strategy, another |aagullsgation method is proposed
in this chapter: the SVI control strategy. The SVI controdttgy adds a virtual imped-
ance in the series with the load converter to modify the inpygedance in a very small
frequency range. As a result, it can not only stabilise tlee@ded system, but also ensure
a good dynamic performance of the load converter. Similéhed®VI control strategy, the
proposed SVI control strategy can also be realised by a sitigital control algorithm.
Thus, the SVI control strategy is feasible in practice ad.waladdition, the SVI control
strategy can be treated as a development of, and complemtre PVI control strategy.
Finally, two example systems are fabricated to validateat®uracy of the SVI control
strategy.
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Chapter 4

Adaptive-PVI (APVI) Control for Load
Converters

In Chapter and3, afamily of loadstabilisatiormethodsPVI andSVI controlstrategies
are proposed. Comparedto the existing stabilisation methods, both PVI and SVI
control strategiedakeinto accountthe stability of the cascadedystemandthe dynamic
performancef theloadconverter.

However, although the proposed PVI and SVI control strategies are more competitive
than the other existing stabilisation methods, they require detailed information about the
source converter when designing their impedance regulator. In other words, if the source
converter is changed, either the PVI or SVI control strategy must re-design its impedance
regulator. Obviously, this creates conflict with the purpose of the modularity design of the
cascaded system, hence increasing the system development cycles. It is worth pointing out
that this problem also occurs in the existing stabilisation methods.

In order to solve the above problem, the adaptive function is first introduced into the
PVI control strategy in this chapter to generate a new stabilisation method: Adaptive PVI
(APVI) control strategy. The APVI control strategy connects a self-regulated virtual im-
pedance in parallel with the input port of the load converter. Thanks to this adaptive virtual
impedance, the load converter can change its input impedance adaptively with different
source converters to stabilise the whole system. The APVI control strategy can therefore
make all the load converters into stable modules in different cascaded systems. Further-
more, the APVI control strategy inherits the advantage of the PVI control strategy, such

as only modifying the load input impedance in a very small frequency range to keep the
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original dynamic performance of the load converter. Thanefthe APVI control strategy
can be treated as an improved method of the PVI control giyatehich makes the PVI
control strategy more competitive in practice.

The rest of this chapter is organised as follows: in Sectidn the stability preferred
load input impedance for the APVI control strategy is disags The adaptive concept,
realisation method and operation flow of the APVI controatgy are then discussed in
Section 4.2. Following that, two different cascaded systeamposed by two differehiC
input filters and the same load converter, are designed gretiexentally implemented to
verify the effectiveness of the proposed APVI method in Bact.3. Finally, Section 4.4

concludes the chapter.

4.1 Stability-preferred Input Impedance of the Load Con-
verter with the APVI Control Strategy

Fig. 4.1(a) shows the Bode plots of the source output impealdgs and the load input
impedanceZ;. in a typical instability case. Here, if the source conveisea switching-
mode power supplyfcsis the cut-off frequency of its voltage loop; if the sourcaerter is
aLC inputfilter, fcsis the filter resonant frequency. In additidg, is the cut-off frequency
of the voltage loop of the load convert@gspis the peak value dZ,g|. According to Fig.
4.1(a), the cause of the instability can be summarised bsvf®] if |Z,g is intersected with
|ZiL|, and if fcsis less thanfc, the cascaded system is unstable even if the subsystems
can work well individually (Sun, 2009). The —18phase resulting from the load negative
resistor characteristic is the main cause of the instghitithe cascaded system (Zhang
et al., 2015). According to Fig. 4.1(a), the worst instanténetability problems in a
cascaded system occurs at full load and with the source gemeeing a.C input filter.

As seen in Chapters 2 and 3, there is nothing more desirabtedhangingZ;. only
in the vicinity of the intersection frequencief (and f,) of |Z,g| and|z;_|, to stabilise the
cascaded system while keeping a better dynamic performfaogethe load converter.
Therefore, this chapter only increases the phas&;ofduring [f1, f2], which can en-
sure|d (Zos) — ¢ (ZiL)| < 18(° at the intersection frequencies range. Such shap{g )
method not only keeps the advantage of the existing PVI obstrategy, but is also con-
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Figure 4.1: Instability reason and stability-preferrepihimpedance of the load converter
with the APVI control strategy: (a) instability reason; @iability-preferred input imped-
ance of the load converter.
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Figure 4.2: A cascaded system with adaptive parallel-airionpedance.
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ducive to the realisation of the latter proposed APVI cdnstoategy. As shown in Fig.

4.1(b), the stability-preferred input impedance of thedloanverteizZ p can be expressed

Zua€° felfy,
ZiLP{ 4l 1, T2 (4.1)

as

Zi. f ¢ [f1, f)
where,Z; is the original input impedance of the load convertgy,1| and 0 are the mag-
nitude and phase of the improved input impedance of the loaslester within[fy, f].
In order to ensured (Zos) — ¢ (ZiLp)| < 18X, 8 should satisfyd € (—90°, 90°). Since
19 (Zos) — ¢ (ZiLp)| < 18@ at [fy, f2], |ZiL1| can be any values. In order to minimise the
resulting effect on the load convertgf; 1| is designed to be equal 14 | (see Fig. 4.1(b)).

4.2 APVI Control Strategy

4.2.1 Adaptive-Parallel-Virtual-ImpedanceZapy | and its Adaptive Ap-
proach

As shown in Fig. 4.2, if a virtual impedan@apy ) is added in parallel with the input port
of the load converter, the load input impedance is changed to

ZiL - Zppvi (4.2)

Zip = Z0 || Zapvi =
iLp = ZL || Zapvi 7 Zaov]

wherez;_ is the original load input impedance and equaLMozus/Po whenf < fcL. Here,
Vhus @andP, are the input voltage and output power of the load convadepectively.
According to (4.1) and (4.2), where the load input impedaaceeded to meet (4.1),

ZApvVI should be

AL i
ZAPW{(vguJPO) €/ (1460 felfy, B w3

+o0 f ¢ [f1, f2]

As seen from (4.3), withinfy, f2], Zapy) is a constant value, which is determined by
the load converter, otherwiséapy| = +. Sincef; and f, are very close tdcs (see Fig.
4.1(a)), the frequency characteristicsZapy | are also affected by the source converter. In

other words, for an actual load converter, if its source eoter is changed, the frequency
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Figure 4.4: Basic idea of the adaptive approacBgdy( fcs).

characteristics oZapy| must be changed accordingly. It is presumed thataiy, can
be changed adaptively according to different source coergeras seen in Fig. 4.3, the
load converter does not necessarily need to be changed arey riberefore, realising
the adaptive virtual impedan@&py ( fcs) is the main aim of the proposed APVI control
strategy.

Fig. 4.3 illustrates thaZapy ( fcs) is a function with respect técs. Therefore, the key
purpose of realisin@apv|( fcs) is to find fcs when the source converter is changing. In
order to solve this problem, an adaptive approach, as showigi 4.4, is proposed in this
chapter. There are four basic steps to this approach. yFifatis,d is sampled and sent
to the positive input of a proportional-integral (Pl) caiier and compared with the Pl
negative input 0. Secondly, the output of the PI controbesét as thdcs of Zapy(fcs).
Thirdly, according to (4.3) and the PVI control strategy inapter 2 Zapy/( fcs) is added
to the input port of the load converter via control methodafly, if | Avy,d becomes 0, it

meanZapy|( fcs) has found the righfcs via the Pl controller. At this point, a frequency-
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Figure 4.5: Concept of the APVI control strategy.

locked block starts working to lock the rigfitsfor the Zapy( fcs). According to Fig. 4.4,
with the proposed adaptive approa@apy (fcs) can find its rightfcs when the source
converter changes.

It is worth pointing out that Fig. 4.4 not only shows the baastiaptive approach of
realisingZapv( fcs), but also the main idea of the proposed APVI control stratétping
Fig. 4.4, the APVI control strategy and its detailed redicsamethod will be discussed in

Sections 4.2.2 and 4.2.3, respectively.

4.2.2 The APVI Control Strategy

Fig. 4.5 shows the small-signal control block of the oridjiload converter. Its variables
and transfer functions are described in Table 4.ZxHy, must be added in parallel with
the input port of the load converter, one intuitive way isrttéduce ¥Zapy to the control
block between the input voltage and input current (as remtesl with dashed lines in Fig.
4.5). However, this method cannot be achieved by contrelctly. In order to address
this issue, the output of/Zapy| is moved to the output voltage reference and equivalent
adjustments to the transfer function®apy((S), as shown by the dot-dashed lines. Fig. 4.5

is the concept of the proposed APVI control strategy, @agy () is expressed as

_ 1 ‘ 1+ Tv(S)
~ Zapvi(S) Gu(9) - Gm(s)-Gia(9)

Gapvi(9) (4.4)
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Table 4.1:

Variables and transfer functions of load comrert

Vys Perturbation of the bus voltage
i Perturbation of the load current
iy, Perturbation of the bus current
d Perturbation of the duty cycle
v Perturbation of the output voltage
v, Perturbation of the output voltage reference
G(s) Transfer function of the voltage regulator
Gas) Transfer function of the modulator
Zior(S) Open-loop input impedance
Gyd(S) Control to output voltage transfer function
Gids) Control to input current transfer function
Zoo1(S) Open-loop output impedance
Hy(s) Sampling coefficient of the output voltage
Gior(s)| Open-loop load to input current transfer function
Gyor(s)| Open-loop input to output voltage transfer function
Adaptive
|GAPVIJ : E :
¢ Fides /

Figure 4.6: Adaptive characteristic [@apy(S)|-

whereT,(s) = Hs(s)Gy(S)Gm(S)Gyvd(S) is the voltage-closed loop gain of the load converter.
Note: since the derivation ddapy (S) is very similar toGpy(s) in Chapter 2, it will

not be repeated here.

4.2.3 Realisation of the APVI Control Strategy

Substituting (4.3) for (4.4), the adaptive regulaBxpy (S) can be further derived as

PED)ITS]  py(lie 1)1+ Ty(9) f € [f1, fa)
VEAGV(S)GM(9Gid ()~ Vi, Bv(S)Gm(5)Gia (9) "

0 f & [f1, 2

Gapvi(s) = (4.5)

As seen in (4.5)Gapvi(S) is an adaptive frequency-based piecewise function, wisich i
shown in Fig. 4.6, wher&Gapy (S)| is a non-zero value withifify, fo] and zero outsides

[f1, f2]. Sincef, and f;, are very close tdcs, an adaptive band-pass filtegpr4(S), whose
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Figure 4.7: Realisation of th@apy/(S): (a) control circuit ofGapy/(S); (b) adaptive mech-
anism OfGApV|(S).

centre frequency ifcs, can be utilised to realisBapy/(S), i.€.,

Gapvi(S) = Gapvir(S) - GerFa(S) (4.6)

where Py (1+e719)[1+Ty(9)]
Carvn(S) = Gz G, (9Gu(9Ga (9 &0
GgpFa(S) = s(anfes/Q) (4.8)

- 2+s(2nfes/Q) + (2fey)
where,Q is the quality factor of the band pass filter, whose initidureais recommended
as 0.707 and can be changed manually as neddeds changed adaptively according to
different source converters. For (Cuk, 1976), the numegggree ofGapy/(S) is always
lower than its denominator degree for all DC/DC converteks. a result,Gapy (S) is a

proper transfer function that can be fully implemented lgjitdi chips.
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To ensureGapy((S) can realis&apy (S) and find fcs adaptively, a specific control cir-
cuit for Gapy|(S) is proposed in this section. Fig. 4.7(a) illustrates thistod circuit which
contains five parts and operates as follows:

In Part A,vyysfirst goes through a high-pass-filter (HPF) and an absolute\dock to
extract| Avpyg. Following this,|Avy,d goes through Parts B and C to fifigs adaptively.
As shown in Figs. 4.7(a) and (b), the adaptive mechanismnté Baand C can be explained
as: in Part B|Avpd is firstly compared with 0, meanwhile, its error is amplifiddPI

controller. Therefore, the output of the PI controllely;, can be expressed as:

t
Plur(t) = Kp | Svous(t)| + Ki [ [Avpus(t)c (4.9

whereK, andK; are the proportional and integral coefficients of PI comgrplespectively.
According to (4.9), if the system is unstabllé,v,,d > 0, Ploy: would be increased from
zero. By Fig. 4.7(a)Ployt also decides the centre frequencyZapy(s). Therefore, once
Plout is increased tdcs, Zapy(S) will find its right centre frequency, stabilise the cascaded
system and makgAvy,d = 0. Then according to Part C and Fig. 4.7(b), the input 3 of
S is equal to 0— the output ofS; becomes 0 the output ofRelaychanges to - the
input 2 of §; changes to 1 the output ofS; is changed to the input 1 & and becomes
0 again— the output ofRelayis locked as 1. Therefore, the output®f o, is always

equal to its previous value
Sout(N+1) = Sou(n) = fcs (4.10)

wheren+ 1 andn represent the tima+ 1 and its previous time, respectively. Both are
afterPlgy; finding fcs.

According to Fig. 4.7 and (4.10), &0 is equal tofcs before the relay is locked,
the centre frequency @apy|(S) is finally locked asfcsand will not be changed any more.
At the same timeyp,s is sent to Part D to realisBapy1(S) in (4.7). Both of the outputs
of Parts C and D are then sent to Part E, whereGpe-4(S) can be achieved. Finally, the
output ofGapy(S) can be obtained from the output of Part E.

Note that, thouglGapy (S) can lockfcsas the final centre frequency Ggpe4(S) after

finding it, too largeKp andK; parameters should be avoided in the design of the PI con-
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Figure 4.8: Impact oK andK; on Gapy(s): (a) largeKp andK;; (b) smallK, andK;.

troller in Part B of Fig. 4.7. As can be seen in Fig. 4.8(a)stisibecause K, andK;
are too large, this may cause the output of the PI contralléndrease so much during a
sampling period, and consequently figss to be skipped. For this reason, smi&) andK;
are preferred for the PI controller (Fig. 4.8(b)). The ontyrpromise is that th&apy(S)
may spend a slightly longer time before the rigpt is founded. However, if the APVI
controller finds the righffcs, the Pl controller will be disabled and tig, andK; do not
affect any steady or dynamic performance of the load coereftherefore, smak, and

K; are accepted in practice.

4.2.4 Operation Flow of the APVI Control Strategy

Fig. 4.9 gives the operation flow of the APVI control stratelgiyst of all, the user needs to
check both source and load converters to make sure they aknwed individually. Then,
if the cascaded system is unstalibapy (S) will be utilised. ForGapy((9), its initial value
of Q is set as 0.707. This is becau®e0.707 can ensure a relatively narrow passband
for Gepra(s), and if 0.707 is also suitable f@p, the Gapy/(S) not only can stabilise the
cascaded system, but also keep the original dynamic peafozenof the load converter.
However, if the system is still unstable, this means tha®D.ig8 too much larger tha@,
i.e., the bandwidth oBgpr4(S) is smaller thari f; — f1). As aresult, the user should reduce
Q and test the system again until the suita@liss found.

It is worth pointing out that, though the type of the typiaaput voltage feed-forward
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Figure 4.9: Operation flow of the APVI control method.

control loop seems similar to the proposed APVI control kjdbey are in fact entirely
different. The purpose of the typical input voltage feedafard control loop is to regulate
the input impedance of the load converter to a pure negasistor within the whole fre-
guency range. However, the purpose of the APVI control neéthoo remove the negative
resistor characteristic from the input impedance of thd lmanverter. As a result, the pro-
posed APVI control method can stabilise the cascaded sybigrthe typical input voltage

feed-forward method cannot.

4.3 Experimental Verification

As the worst instability phenomena are most likely to aris@icascaded system whose
source converter is BC input filter, the APVI control strategy is applied into twocsu
unstable 100 W cascaded systems. As shown in Fig. 4.10, thedascaded systems
utilise the same load stage, which is a 48 V-24 V Buck convevith a 20 kHz switching
frequency. If the load stage is connected to the source dtagdnich is an input filter
formed by a 6 mH inductor and a 130 capacitor, the first unstable system is formed. On
the other hand, if the load converter is connected to theceastiage 2, which is an input

filter whose inductor and capacitor are 6 mH andué®) respectively, the second unstable
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Figure 4.11: Bode plots of example systems at full load.

system is formed. It is worth pointing out that, since thallsavitching frequency in this
chapter is different to that discussed in Chapter 2, therpeiers of thd_C input filter are

also different.

Fig. 4.11 shows the Bode plots of the example systems, whgieZ,o andZ;_ are

the output impedance of source stage 1, the output imped#rsmurce stage 2 and the

input impedance of the load converter at full load, respedbti It can be seen that both of

the two cascaded systems are unsta

ble.

According to Figs. 4.5 and 4.7, an adaptive input impedaegalatorGapy((S) is

introduced to the load converter. Hefkis selected as 0. Then, as shown in Fig. 44,1,
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is modified intoZ; p1 in the first cascaded system afige, in the second cascaded system
adaptively. In both casel (Zys) — ¢ (ZiLp)| < 180 at the intersection frequencies|@fg|
and|Z_|. Therefore, the modified cascaded system with the APVI obntethod is stable
and the design dBapy/(S) is appropriate. In addition, Fig. 4.11 shows tHaipy(S) can
achieve a modified input impedance in Fig. 4.1(b), i.e., @hignging the phase of the load
input impedance in a very small frequency range, which misenthe resulting effect on
the load converter.

The experimental results of the first example system arengiv€&ig. 4.12, where the
waveforms ofvyys andvg are their ac components to clearly show the oscillationvys,
iL1 andvg are illustrated in Fig. 4.10). As seen in Fig. 4.12(a), tlascaded system is
unstable without the APVI control strategy. After the AP\dntrol strategy was utilised,
it spent about 45.56 ms to adjust the parametefSpf,((s) and to stabilise the cascaded
system automatically. Fig. 4.12(b) shows the dynamic wawes$ of the modified system
with the APVI control strategy when its input voltage stepsvd from 100% rated to 80%
rated voltage at the full load. It seems that, the APVI cdren@tegy can work well during
an input voltage change. Fig. 4.12(c) shows the dynamicfeaws of the modified system
with the APVI control strategy when its load increases frddfalrated to 100% rated load
at the rated input voltage. This demonstrates that the AB¥trol strategy can also work
well during a load change.

Similarly, Figs. 4.13(a), (b) and (c) give the steady statveforms, input voltage
and load dynamic waveforms of the second example systeminAgaverifies that the
APVI control strategy can not only solve the instability blem of the cascaded system
adaptively, but also work well during the dynamic procedse &bove experimental results
can be said to have verified the effectiveness of the propaB&t control strategy.

It is worth pointing out that, though the APVI control strggeintroduces the adaptive
function to the PVI control strategy and can be treated as@naved PVI control strategy,
it needs relatively more time to search the centre frequefdite APVI. Therefore, the
execution time of the APVI algorithm is longer than that of fAVI algorithm. Since the
switching period of a converter should be larger than therélyn execution time, the load
experimental switching frequency is decreased from 100 ikHZhapter 2 to 20 kHz in

this chapter. Since low switching frequency always leadslayger inductor and capacitor
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of the LC input filter, the parameters of the input filter in this chapter are also different
from that discussed in Chapter 2. Therefore, the relatilalger algorithm execution time

is the restriction of the APVI control strategy.

4.4 Summary

In order to solve the instability problem and maintain thedoarisation characteristics of
the cascaded system, an APVI control strategy is propos#ddrchapter. This demon-
strates that the APVI control strategy can adaptively raguthe input impedance of the
load converter for different source converters by addingl&regulated virtual imped-

ance in parallel with the load converter. As a result, the ABdAtrol strategy means that
the load converter can be designed as a standard modulg stablected to any source
converter. Additionally, the APVI control strategy alsdherits the advantage of the PVI
control strategy to keep most of the dynamic performanchefdad converter. Therefore,
the APVI control strategy can be treated as an improved ndeththe PVI control strategy.

Finally, the APVI control strategy has been experimentadlyified on two cascaded sys-

tems.
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Chapter 5

Adaptive-SVI (ASVI) Control for Load
Converters

As demonstrated in Chapters 2 and 3, the cascaded systene stabilised via amplitude
compensation (SAC) or phase compensation (SPC) for thd inpedance of the load
converter. Since both SAC and SPC can be realised by bothiRV$¥ control strategies,
a further analysis of SAC/SPC and a further investigatiahefVI1/ SVI control strategies
are carried out in this chapter. Firstly, it is shown that thecaded system adopting the
SAC is unconditionally stable, but conditionally stableemhadopting the SPC, i.e., the
cascaded system with SAC is more stable than that with SP€.tleen noted that the
PVI control strategy has inevitable limitations when rgialg the SAC during the whole
load and input voltage range of the load converter, but thec®¥trol strategy does not
have limitations. In other words, the SVI control strategyriore competent for the SAC.
Furthermore, in order to stably connect a load converterifferdnt source converters,
such ad.C input filters and traditional DC/DC converters, without nbang its internal
structure, the adaptive function is also introduced to thditional SVI control strategy in
this chapter. With the Adaptive SVI (ASVI) control strategfye series-virtual-impedance
is able to adaptively regulate its characteristic to sisdihe cascaded system according to
different source converters.

It should be stressed that although the adaptive charstitsriof the ASVI control
strategy are similar to those of the APVI control stratefggytare entirely different from
in terms of physical concept, stabilisation method andigsagbn approach. The APVI

control strategy adds a virtual impedance in parallel whi lbad converter by an APVI

105



------ Zos — Zip == Improved Z Loy —— 2, """']mP’”OVed:ZiL

P A S
4 B S : - . Lo
2 e ' :
< o i s
N O~/ :
A i
o . : 5 v :
= 0 ' > g : -
S : : 4 g ¢ TE >/
‘§ I : A 0 :
AL R AN P e
~180 —— ? ~180 i i
SiJes fo Jer SiJeshr Je
(a) (b)

Figure 5.1: Bode plots of SAC and SPC: (a) SAC; (b) SPC.

controller to realise SPC. However, the ASVI control stggtadds a virtual impedance in
the series with the load converter by an ASVI controller @lise SAC. Since SAC is more
stable than SPC, the ASVI control strategy is superior toAlR¥| control strategy.

The remaining parts of this chapter are organised as follaowSection 5.1, SAC and
SPC are compared. The PVI and SVI control strategies are dbepared in Section
5.2. Following this, the concept, realisation and impacthef ASVI control strategy are
discussed in Section 5.3. Section 5.4 gives the experireatification of the proposed

ASVI control strategy. Finally, Section 5.5 concludes thater.

5.1 Stabilisation via Amplitude Compensation (SAC) and
Phase Compensation (SPC)

As SAC and SPC are two effective stabilisation methods ferltlad converter, they are
reviewed and compared carefully in this section. As showhigs. 5.1(a) and (b), SAC
increasesZ; | to keep a total separation witl,g|, while SPC increaseg(Z_ ) to ensure
|9 (Zos) — ¢ (ZL)| < 18(° at the intersection frequenciefy @nd f, in Fig. 5.1) of|Z;_| and
|Zos|. As both SAC and SPC only chandgg in a very small frequency range, they can
stabilise the cascaded system with the minimised load pedoce compromise.

However, though both SAC and SPC can stabilise the cascgdemhswith minimised

performance degradation, their stabilising effects asemsally different, as can be seen
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Figure 5.2: Nyquist plots af,s/Z;j. with SAC and SPC: (a) with SAC; (b) with SPC.

from the Nyquist plots of two typical cases shown in Fig. 5Ror the SAC, since it
increase$Z;_| and ensuregZ; | > |Zog| in the whole frequency range, the system loop gain
Zos/Zi. always stays inside the unit cycle, as shown in Fig. 5.2(ajidébrook, 1979).
Hence, with the SAC, the improved cascaded system is an ditmorally stable system.
However, for the SPC, it only increas¢s$Zi ) to ensurg$ (Zys) — ¢ (ZL)| < 18@ during
(f1, f2) butdoes not changd&; |. As aresult, for the SPC, thou@is/Z;. does not encircle
(=1, jO), it intersects with the unit cycle, i.e., the stabilitytbfs system still depends on
the phase margin dys/Zj, seePM; andPM; in Fig. 5.2(b). In other words, with the
SPC, the improved cascaded system is actually a condityostable system. Therefore,
the SAC is more stable than the SPC and should be considexgutd@ferred stabilisation

method to shape the load input impedance.

5.2 Comparison of PVI and SVI Control Strategies

SAC is the preferred load stabilisation method. As noted aers 2 and 3, as it can
be realised by both PVI and SVI control strategies, a corsparof PVI and SVI control

strategies is carried out in this section.
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5.2.1 Limitation of PVI Control Strategy When Realising the SAC

As illustrated by Fig. 5.3, SAC can be realised by the PVI cardgtrategy via adding
a virtual impedanc&py, in parallel with the load converter. As the input impedante o
the original load converter isVj2 /P, the improved load input impedan&a p can be
expressed as

Pvi— (Vius/Po)

whereP, andVys are the output power and voltage of the load converter, otispéy.

According to the PVI control strategy in ChapterZyy, is a constant positive resistor

inside|[fy, fo] and+-co outside[fy, f2]. Thus,|Zp| is only increased durinff, f].
According to (5.1), duringfy, f2], the curve ofZ p| to is depicted in Fig. 5.4. As

seen,|Zjp| has three characteristics: B p| is monotonlcally increased froZpy| to

+00 When increases from 0 t#f‘ 2) |ZiLp| is monotonically decreased frospeo to

Vbus
PO Po _ Po _ 2
0 Wheanus increases frorﬁ\—‘ to +o0; 3) |ZiLp| = |Zpvi| When = 0 or V.= | Zoi

respectively. Therefore, if the peak value|&fs| is Z,sp, and if a total separation between
|Zos| and|Z p| (i.e., SAC) during the full load and input voltage range & khad converter
is required, the curve g% p| during|f1, f2] should be limited in the shadow part of Fig.

5.4, i.e.,/Zpy | should satisfy the following conditions:

Zevi(j2mf)| > |Zosd10%  fefy, fo (5.2)
2 Py )

—— > Max| —- felf,f 5.3

Zowi(j2rt)] <b2us L [f, 2 &3

Pom
is equal to94,
Vbus)L V2

wherePyv andVyy are the maximum power and the minimum input voltage of thd loa

whereGM is the gain margin ofzf and its unit isdBQ. Max<

converter, respectively.

According to (5.2) and (5.3), the selection rangeZpk, || can be derived as
: V2
1ZosH 107 < |Zpy (j21f)] < SM £ e[ty ] (5.4)

oM

By (5.4), during[f1, f2], the value of|Zpy,| is effective if and only if the following
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Figure 5.4: Requirement &py during[f1, f2] when realising the SAC

condition is satisfied )
2V,
Zose{ 102 < 0M

oM

(5.5)

In other words, if (5.5) is not satisfied, the PVI control s#gy cannot help the cascaded
system realise the SAC during the whole load and input veltagge of the load converter.

As aresult, (5.5) is the limitation of the PVI control strggavhen realising the SAC.

5.2.2 Advantage of SVI Control Strategy When Realising the 8C

Though PVI control strategy has inevitable limitations wlaehieving the SAC, the SVI
control strategy is fully competent for the SAC without ltation. As shown in Fig. 5.5,
SAC can be realised by the SVI control strategy via addingriaual impedanc&sy, in

series with the load converter. The improved load input idgmneeZ; s is expressed as
Ziis = Zsvi— (Vidu/Po) (5.6)

whereZgy is a constant negative resistor inside f,] and 0 outsidéf;, f,] according to
analysis in Chapter 3. Similar {di_p|, |ZiLs| is also only increased duririd, f].
According to (5.6), duringfy, f], the curve of|Z g| to VP—2° is depicted in Fig. 5.6.
bus

As seen,|Z; s| is monotonically decreased fromoo to |Zgy| WhenVPTO increases from
bus
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Figure 5.6: Requirement ¢Zsy | during[f1, f2] when realising the SAC.

0 to +. In addition, the value ofz | is equal toMm( b“S) + |Zsv/| when - v2 —

Max< ) HereMin <Vb“3> _\F/,b“" Max( P°> = P Therefore, if the SAC must be
Vbus L L oM Vbus L VbM

realised by the SVI control strategy during the full load @&mulit voltage range of the load
converter, the curve ai; s| during[f1, fz] should be limited in the shadow part of Fig.

5.6, i.e.,|Zsy|| should satisfy the following condition:

V2
Mln( Igus) +1Zevi(j2m)| > [Zose 105 F e [fy, T 5.7)
[0}

According to (5.7), the requirement [fsy | can be derived as

. o V32
|zsv.(12nf)|>|zosqlo‘3%”—ﬁ f e [fy, Ty (5.8)

6]

Obviously, for the cascaded system, durjiig f2], a higher|Zsy(j2rtf)| can always
be found to meet the requirement of (5.8). As a result, thec®vitrol strategy can help the
cascaded system to realise SAC during the whole load and vaftage range of the load
converter without limitation. This is also the advantageha SVI control strategy when

realising SAC.
Therefore, the SVI control strategy is more suitable for$#¢C than the PVI control
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strategy.

5.3 The ASVI Control Strategy

5.3.1 Adaptive-Series-Virtual-ImpedanceZasy and its Adaptive Ap-
proach

According to (5.6) and Fig. 5.5, || must be changed t@;, s|, Zsy| can be selected as

Zsv1= (5.9)

Zis+ (Vous/Po) - T e[f, o
f ¢ [f1, f2]

(5.8) and (5.9) llustrate that durind;, f2],

|ZiLs| > |Zog|. In addition, asf; andf; are very close tdcs(See Fig. 5.1(a)), the frequency

Zsy | should be large enough to ensure that

characteristics oFgy| are also affected by the source converter. In other wordzsjf

wants to become an adaptive series-virtual-impedahgg, to help the load converter
realise SAC with different source converters, it shoulds§athree basic requirements:
1) whenf e [fq, o],

|ZiLs| and|Z,g; 2) whenf ¢ [fq, f2], |Zasvi| Should be small enough to minimise the impact

Zpsv|| should be large enough to ensure a total separation between

of the ASVI control strategy on the original load converty;|f;, f,] could be changed
adaptively according to different source converters. e Wwith these requirements, the
adaptive characteristics can be introduced into a well knoan-ideal resonant controller
to achieve the improved adaptive resonant controller. Asvshin Fig. 5.7, this adaptive

controller can mimi&asy| as

_ 2K, (27'[ch) S
P42 (2rtfrc) S+ (27chs)2

Zpsvi(S) = (5.10)

where fcs is determined by the source converter and can be changetivatiap frc is
the bandwidth at-3dB cut-off frequency of th&asy/(S), whose value is recommended as
5Hz |Zasvi(S)| during(fcs— fre, fcs+ fre) is equal toK—fz, whose value is not affected

by fcsand can choose 1@as its initial value. It is worth pointing out that in most eas

K _
5=
|Zos(s)| during the whole load and input voltage range of the load edsyv. However, even

100Q is large enough fofZasy/(S)| to avoid the intersection betweés, s(s)| and
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Figure 5.8: Basic idea of the adaptive approacBgdy ( fcs).

if it is not enough K, can be increased and tested by the user flexibly until thaldeik,
is found.

As discussed above, the realising of the adaptive virtupkemanceZasy ( fcs) is the
main aim of the proposed ASVI control strategy. Accordind-tg. 5.7,Zasv((fcs) is a
function with respect tdcs. Therefore, the key purpose of realisiBgsy | fcs) is finding
fcswhen the source converter changes. In order to solve thidgom this chapter utilises
a similar adaptive approach to Chapter 4. As illustratediign 5.8, there are four basic
steps to this adaptive approach. Firsitivy,d is sampled and sent to the positive input of a
proportional—-integral (PI) controller and compared witk PI negative input 0. Secondly,
the output of the PI controller is set &ss of Zasy/(fcs). Thirdly, as shown in (5.10) and
the SVI control strategy in Chapter Zasvi(fcs) is added to the input port of the load
converter via the control method. Finally)ifivy,,{ becomes 0, it indicates thaisy ( fcs)

has found the righfcsvia the Pl controller. At this point, a frequency-locked ¢kdoegins

112



..... BaSiC idea o e e T
- -—=Realization )

g ¥
[1 +T, (s)] P,
Gy (9)Gys (5 s
T

Gaspi(s)

A4
Zusvi(S)

Figure 5.9: The ASVI control strategy

to lock the rightfcs for the Zasy(fcs). As a result, the above adaptive approach allows
Zpsv( fcs) to find the rightfcswhen the source converter is changing.

It is worth pointing out that Fig. 5.8 not only shows the baatiaptive approach of
realisingZasv|( fcs), but also the main idea of latter proposed ASVI control sggit Based
on Fig. 5.8, the ASVI control strategy and its detailed ietlion method will be discussed
in Sections 5.3.2 and 5.3.3, respectively.

5.3.2 Concept of the ASVI Control Strategy

Fig. 5.9 shows the small-signal control block diagram of dhiginal load converter. Its
variables and transfer functions are described in Tabla$viell. IfZasy(S) is to be added
to the series with the input port of the load converter, oneitire method is to introduce
Zasv((S) to the control block between the load input current and logali voltage (as
shown by the dashed lines in Fig. 5.9). This is also the basia bf the ASVI control
strategy. However, this method cannot be achieved by daitextly. In order to address
this issue, the output dasy((S) is moved to the output oBy(s), adjusting the transfer

function toGasy((S), as shown by the dot-dashed lines in 5.9. Here, Fig. 5.9 isdheept
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Variables and transfer functions of load comrert

Table 5.1:
Vps Perturbation of the bus voltage
i Perturbation of the load current
Iy Perturbation of the bus current
d Perturbation of the duty cycle
v Perturbation of the output voltage
v, Perturbation of the output voltage reference
G(s) Transfer function of the voltage regulator
Guds) Transfer function of the modulator
Zior(s) Open-loop input impedance
GvdS) Control to output voltage transter function
Gids) Control to input current transfer function
Z,01(S) Open-loop output impedance
H(s) Sampling coefficient of the output voltage
Gior(s)| Open-loop load to input current transfer function
Gyor(s)| Open-loop input to output voltage transfer function
ibus ( ) Ly
R ! Load hj
Gl 3 converter S
i J
1y 1
G asv(s) Gpm(s) Hy(s)

ol A L
Wi oo ;ép;, G(s) :L.—lvor

Figure 5.10: Control system of the load converter with th&/A&ntrol strategy.

of the ASVI control strategy an@asyv|(S) is expressed as:

Gasvi(s)

[1+Tu(s)]Po
Gid (S)Gm (V2,6
—2K, (anRC) S [1+ Tv(S)] Po
P +2(2rtfre) s+ (ancs)z ‘ Gid (5)Gm (S)Vbzus

Zpsvi-

(5.11)

whereTy(s) = Hs(S)Gy(S)Gm(S)Gvd(S) is the loop gain of the voltage closed-loop of the

load converter.

Note: since the derivation dbasy((S) is very similar toGsy/(s) in Chapter 3, it will

not be repeated here.
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5.3.3 Realisation of the ASVI Control Strategy

According to Fig. 5.9, the control system of the load corefewith the ASVI control
strategy is further presented in Fig. 5.10. In contrast ¢odintrol system of the original
load converter, the ASVI control strategy adds oBJsy((S) to the original control system
(as shown with dashed lines in Fig. 5.10). Therefore, re@i©asy((S) is the key to the
ASVI control strategy. In addition, as shown in Fig. 5.10thig,s andv,,sare sampled to
help achieveéGasy((S) in practice.

According to (5.11) and Fig. 5.%asv((S) can be achieved by Fig. 5.11. As shown
in Fig. 5.11, in Part A\ys first goes through a high-pass ﬁltgfTS and an absolute
value block to extract\vy,s Following this,|Avy,g is sent to Part B and compared with
zero, whilst, its error is amplified by a proportional—intaig(Pl) controller. If the system
is unstable, the output of this PI controller is increaseunfrzero, regulating the centre
frequency oZasy/((S). If the output of the PI controller arrives &s, Zasvi(s) will find its
right frequency characteristics, stabilise the cascagsts and make&\v,,J = 0. Then
according to Part C, the input 3 & is equal to 0— the output ofS; becomes G- the
output ofRelaychanges to 1+ the input 2 ofS; changes to 1 the output of5; is changed
to the input 1 ofS; and becomes 0 again the output ofRelayis locked as 1, which locks

the output ofS; as the final centre frequency Bfsy(S) and does not change it during the
[1+T(s)]Po

( )GPWM(S)Vqus'
Then, the output of Part D is sent to Part E, wh&ggy(S) can be achieved by taking

remaining running time. At the same tinig,sis sent to Part D to reallg(\gd
|
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Figure 5.12: Bode plots of the load converter with/withdhwg ASVI control strategy: (a)
Zi(s); (b) GiL(s); (¢) GuL(S); (d) ZoL(S).

its centre frequency from Part C. Finally, the outpuGafsy(S) can be obtained from the
output of Part E. It is worth pointing out that, according e tanalysis in Chapter 4, in
order to ensur&asy(s) finds fcs effectively, too largeK, andK; parameters should be
avoided during the design process of the Pl controller in Bam addition, as Chapter 4
has described how the PI control scheme is used to get theefiney adaptive scheme of
the Zasv|(S), it is only briefly explained here.

In summary, the proposed ASVI control strategy can be redlxy Figs. 5.10 and 5.11.

5.3.4 Impact of the ASVI Control Strategy on the Load Converer

The performance of the load converter can be evaluated isimgort network analysis
with four typical transfer functions (Arnedo, 2008): thestd-loop inputimpedan@g (s),

the closed-loop load to input current transfer funct@n(s), the closed-loop input to out-

116



put voltage transfer functio®y (s) and the closed-loop output impedarig (s). There-
fore, to evaluate the impact of the ASVI control strategy loa ibad converter in a clear
way, the Bode plots of;_(s) ~ Zo(S) of a specific load converter with/without the ASVI
control strategy are depicted in Fig. 5.12. Here, the soancEload converters correspond
to the source converter | and the load converter in Fig. 5.13.

According to Fig. 5.12, though the proposed ASVI controattgy changes the fea-
tures ofZj_(s) ~ ZoL(9), it keeps most of the dynamic performance of the originatiloa
converter. This phenomenon can be explained as followse iy (S) only plays its role
during[fy, f2], but becomes zero outsi@ifa, f,|, the ASVI control strategy only affects the
performance of the load converter duriffg, f,]. As a result, the ASVI control strategy

can be considered an acceptable stabilisation methodddo#d converter.

5.4 Experimental Verification

In this section, the ASVI control strategy is applied to a Yd@Qnstable cascaded system,
which contains one load converter and three different sbconverters. As shown in Fig.
5.13, the source converter | is a 100 V - 48 V / 50 kHz Buck comresource converters
Il & 1l are two different LC input filters, and the load converter is a 48 V-24 V [ 20
kHz Buck converter. Here, in order to compare the ASVI cdrdtrategy and the APVI
control strategy, the source converters Il & lll and the |lcadverter are the same as the
converters in the experimental system of Chapter 4. The oiainit and parameters of the
experimental system are also presented in Fig. 5.13. Feeomnce, the system is referred
to work at Cases |, Il and 11l when the load converter is cotegto source converters |, Il
and lll, respectively.

In Case |, the Bode plots of the cascaded system when the woftage of the load
converter is varied between 80% rated input voltageA@8and 120% rated input voltage
(57.6V) are presented in Figs. 5.14(a) and (b), wh&sg Z; andZ s are the output
impedance of the source converter, the original load inpyteidance and the load input
impedance with the ASVI control strategy, respectively. s&en, wherv,,s is changed
from 384V to 57.6V, though|Z_(s)| is intersected withZ,s(s)|, |ZiLs(S)| is always larger
than|Z,s(s)|. Similarly, the Bode plots of the experimental system atedaghen the load
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is varied during 10% full load (1&) and 100% full load (10W/) are presented in Figs.
5.14(c) and (d). It can be noted that, whaywaries from 1@V to 100V, the ASVI control
strategy can ensure a total separation betw2giis)| and|Zj_s(s)| as well.

The experimental results in Case | of the cascaded systegiveein Fig. 5.15. Fig.
5.15(a) shows the unstable cascaded system can be reguolatstéble system by the ASVI
control strategy. In addition, by Figs. 5.15(b) and (c), ¢hscaded system can work well
with the ASVI control strategy whether during input voltagganging or load changing
process. One might ask if the ASVI control strategy cannat itis right centre frequency,
what will happen to the cascaded system. Is the oscillatidheocascaded system serious
or mitigated? To answer these questions, two definitiondilstéy defined: 1) the wrong
ASVI control strategy — the ASVI control strategy with a wgpoentre frequency; 2) the
right ASVI control strategy — the ASVI control strategy walright centre frequency. Fig.
5.16 presents the simulation waveforms in Case | of the dascaystem with the wrong
and right ASVI control strategies. In Fig. 5.16, the cascbslestem works without ASVI
control strategy before.Rs. During [0.2s, 0.25g], the cascaded system works with a
wrong ASVI control strategy. After.@5s, the cascaded system works with a right ASVI
control strategy. Three conclusions can be obtained frgn3-1.6: 1) the cascaded system
is unstable without the ASVI control strategy; 2) even if &8VI does not find its right

centre frequency, it will not make the system more unstailé still can suppresses the
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Figure 5.14: Bode plots in Case | of the experimental systdim avfferent working con-
ditions: (a) without the ASVI control strategysus: 38.4V — 57.6V, po = 100NV ; (b) with
the ASVI control strategWwpys: 38.4V — 57.6V, po = 100WV; (c) without the ASVI control
strategyVous = 48V, po : 10W — 100W; (d) with the ASVI control strategwpus = 48V,

Po : 10W — 100W.
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Figure 5.15: Experimental waveforms in Case | of the castaystem: (a) steady state
waveforms with rated input voltage and rated load, (b) dyicamaveforms when the input
voltage steps down from 100% rated to 80% rated voltage Hiofadl, (c) dynamic wave-
forms when the load increases from 10% rated to 100% rateddbeated input voltage.
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Figure 5.16: Simulation waveforms in Case | of the cascagestem with the wrong and
right ASVI control strategies.

system oscillation; 3) if the ASVI finds its right centre frepcy, the cascaded system can
become stable.

Similarly, both the Bode plots and experimental results as&€3 Il & 11l are given in
Figs. 5.17~ 5.18 and Figs. 5.206- 5.21, respectively. In both cases, the ASVI control
strategy can ensure a total separatiofiZg§(s)| and|Zj_s(s)| and make the whole system
work well both at steady-state and in dynamic conditionsis Mvorth pointing out that
compared to the experimental results in Chapter 4, in Cdsaglllll, the APVI method
requires 45.56 ms and 32.2 ms to stabilise the unstablensystepectively, but the ASVI
method needs only 20.08 ms and 8.79 ms. Moreover, in Cased lllathe ASVI control
method reduces both the overshoot and regulation time db#teconverter when its input
voltage and load changing. Therefore, the ASVI controltegy is superior to the APVI
control strategy.

The simulation waveforms in Cases Il and Il with the wrongl aight ASVI control
strategies are also presented at Figs. 5.19 and 5.22, teshedn both cases, the cascaded
system is unstable without the ASVI control strategy. Hogveeven if the ASVI does not

find its right centre frequency, the ASVI control strategyl wbt make the system more
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Figure 5.17: Bode plots in Case Il of the experimental syskatim different working con-
ditions: (a) without the ASVI control strategysus: 38.4V — 57.6V, po = 100V ; (b) with
the ASVI control strategywy,s: 38.4V — 57.6V, po = 100W; (c) without the ASVI control
strategyVous = 48V, po : 10W — 100W; (d) with the ASVI control strategwp,s = 48V,
Po : 10W — 100WN.
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Figure 5.18: Experimental waveforms in Case Il of the casdagystem: (a) steady state
waveforms with rated input voltage and rated load, (b) dyicamaveforms when the input
voltage steps down from 100% rated to 80% rated voltage Hiofadl, (c) dynamic wave-
forms when the load increases from 10% rated to 100% rateddbeated input voltage.
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Figure 5.19: Simulation waveforms in Case Il of the cascayestiem with the wrong and
right ASVI control strategies.

unstable, but can still suppress the system oscillatioadttition, when the ASVI finds the
right centre frequency, the cascaded system becomes.stable

According to Fig. 5.14- Fig. 5.21, the ASVI control strategy can not only stabilise t
load converter cascaded with_& input filter, but also the load converter cascaded with a
Buck converter. These experimental results also can baieeal by the theory. Fig. 5.10
illustrates that the ASVI controlleBasy((S) needs only the information afs and vpys
to shape the input impedance of the load converter, thus,itdependent of the internal
structure of the source converters. Therefore, no matéesdhirce converter islaC input
filter or Buck converter, the same informatiap,§ andvy,g) is provided toGasy/((S) to help
the ASVI control strategy stabilise the whole system. Thavalkexperimental results also

show that the ASVI control strategy is feasible and effextivpractice.

5.5 Summary

SAC and SPC, two typical load shaping stabilisation methadsanalysed and compared
in this chapter. This analysis reveals that although botlE $Ad SPC can stabilise the
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Figure 5.20: Bode plots in Case lll of the experimental gysteith different working
conditions: (a) without the ASVI control strategyy,s: 38.4V — 57.6V, po = 100V ;
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ASVI control strategyypus = 48V, po : 1L0W — 100WV; (d) with the ASVI control strategy,
Vous = 48V, po : 10W — 100W.
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Figure 5.21: Experimental waveforms in Case Il of the cdsdasystem: (a) steady state
waveforms with rated input voltage and rated load, (b) dyicamaveforms when the input
voltage steps down from 100% rated to 80% rated voltage Hiofadl, (c) dynamic wave-
forms when the load increases from 10% rated to 100% rateddbeated input voltage.
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Figure 5.22: Simulation waveforms in Case Il of the casdaglestem with the wrong and
right ASVI control strategies.

cascaded system, the system utilising the SAC is unconditipstable, but conditionally
stable when utilising the SPC. The cascaded system with St&refore more stable than
that with SPC. In addition, as the SAC can be realised by bdwhPVI and SVI control
strategies, the PVI/SVI control strategies are also coetbhere. The results shows that
the PVI control strategy has inevitable limitations whealiseng the SAC during the whole
load and input voltage range of the load converter, but @SVl control strategy does
not have limitations. Therefore, the SVI control strategymore suitable for the SAC
than the PVI control strategy. Moreover, in order to staliyreect the load converter
to different source converters, suchlas input filters and traditional DC/DC converters,
without changing its internal structure, an ASVI contrebstgy is further proposed in this
chapter. This proposed ASVI control strategy allows the loanverter can shape its input
impedance to stabilise the cascaded system with diffemnte converters. Finally, the
ASVI strategy has been experimentally verified on a cascagsi@m composed by a load

converter and three different source converters.
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Chapter 6

Improved ASVI Control with Minimum
Ripple Point Tracking for the Load
Converter

The ASVI control strategy is an attractive load stabilisatmethod for cascaded systems
thanks to its adaptive capacity for different source cot@rsrand better performance for
load converters. However, as discussed in Chapters 4 ahsA$VI control strategy has
a potential problem in that, as it utilises a proportiomaegral (Pl) controller to find the
centre frequency of the ASVI, the PI controller may miss ithaexcessive proportional
or integral coefficients, leading to the failure of the AS\Introl strategy. Although this
potential problem may not arise with small proportional amggral coefficients, it is a
potential issue for the ASVI control strategy. To make theVASontrol strategy more
reliable, a minimume-ripple-point-tracking (MRPT) conltes is proposed in this chapter to
replace the original Pl controller. With the MRPT controlliae centre frequency of ASVI
is found via the perturb and observe (P&O) algorithm, whiokures the ASVI control
strategy does not have the potential for this problem. Feuantiore, in order to quickly find
the centre frequency of ASVI, the sinusoidal-trackingeaipm (STA) is further incorpor-
ated into the MRPT controller to improve its processing gpdenally, a load converter
cascaded with differentC input filters is fabricated to validate the effectivenesshaf

proposed MRPT controller.
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6.1 The ASVI Control Strategy and the Motivation of the
MRPT Controller

6.1.1 Review of the ASVI Control Strategy

According to Chapter 5, there are three basic purposes A\ control strategy: (a)
make a total separation betwegfy | and |Z,g| (See Fig. 6.1(a)); (b) only increasd, |
during a very small frequency range (See Fig. 6.1(a)); (ahge|Z;_| adaptively according
to different source converters. Each of these purposeg®iia own benefit to the ASVI
control strategy. The first purpose ensures the cascadehsysrks as an unconditionally
stable system whose system loop géia/Z; always stays inside the unit cycle as shown
in Fig. 6.1(b). The second purpose guarantees that the A@Mta strategy can stabilise
the cascaded system with minimised load performance camipeo The final purpose is
for the load converter to stably connect to different sowmeverters without changing its
internal structure. The above benefits make the ASVI costrategy the more competitive
among the existing stabilisation methods of the cascadsteé sy

In theory, the ASVI control strategy can be realised by agdin adaptive virtual im-
pedanceZasy into the series with the load input port. As shown in Fig. 6)1the im-

proved load input impedan s can be expressed as
ZiLs = Zasvi+ZiL (6.1)

wherez;. = —Vb2u5/ Po. Here VpusandP, are the input voltage and output power of the load
converter, respectively.
According to Fig. 6.1(a)Zj_s should satisfy:

f{felfy, 2} — |Zis|>|Zog (6.2)

I {f¢[f, 2]} — Zis=ZL (6.3)

wheref; and f, are the intersection frequencies|df | and|Z,g as shown in Fig. 6.1(a).
As observed in Chapter 5, in order to ensure {#at| successfully becoméeg; g,
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Figure 6.1: Purposes and concept of the ASVI control styaté) purposes of the ASVI
control strategy — described by Bode plots; (b) purposes@SVI control strategy —
described by Nyquist curve; (c) concept of the ASVI conttohiggy.

Zasy) can be selected as

B 2K (2rtfrc) s
P+ 2(21fre) S+ (2mfcs)?

Zasvi(S) = (6.4)

wherefcsis the cut-off frequency of the source converter and is dlsacentre frequency
of Zasv. By Fig. 6.1(a),fcsis very close tof; and fo. fre is the bandwidth at-3dB
Zasvi(s)] = K¢ /2.
As noted in Chapter 5, botfkrc andK; are flexible determined by the user and their initial

cut-off frequency of th&Zasy((s). During (fcs— fre,  fes+ fre),

values are recommended ald 5and 10@2, respectively. The characteristics&fsy are
also presented in Fig. 6.1(c).

According to (6.4) and Fig. 6.1(c¥asv| has three characteristics: (a) whiea [f1, f],
|Zasv || is large enough to ensure a total separatiofZp§| and|Z,g|; (b) whenf ¢ [f1, fo],

|Zasv|| is small enough to minimise the impact of the ASVI controhttgy on the original
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load converter; (c) when the source converters changgsy| only needs to regulate its
centre frequency to the nefgsto adapt to this change. Therefore, conceptually, the ASVI
control strategy indeed can be realised perfectly by addiag, to the series, with the load
input impedance shown in Fig. 6.1(c).

Itis clear that realisin@asy is the key point of the ASVI control strategy. As discussed
in Chapter 5, thiZasy| can be realised by adding an impedance regulaigs,(s) to the
original load converter. 6.2 illustrates tHaisy(S) samples the input voltage and current
of the load converter and adds its output to the output of tlage regulatoG,(s). Here,
Gasvi(S) can be expressed as

[1+Tu(9)]Po
Gig (9)Gm(s)Vi2

Gasvi(S) = Zasvi(S) - (6.5)

whereT,(s) is the loop gain of the voltage closed-loop of the originald@onverter$iqy (s)
is the control to the input current transfer function of thigimal load converter; an@y ()
is the modulator transfer function of the original load certer.

To ensuréSasy(S) can realis&asy (S) and especially can fintksadaptively, a specific
control circuit forGasy((S) is proposed in Chapter 5. As shown in Fig. 6.3(a), this céntro
circuit contains five parts and operates as follows.

In Part A,vyysfirst goes through a high-pass-filter (HPF) and an absolute\dock to
extract| Avyp,d. Following this,|Avp,d goes through Parts B and C to firigls adaptively.
As shown in Figs. 6.3(a) and (b), the adaptive mechanismnté Baand C can be explained
as: in Part B,|Avyd is firstly compared with 0, whilst, its error is amplified by & P

controller. Therefore, the output of the PI controlRly,:, can be expressed as:

t
Plout(t) = Kp | AVpus(t) |+ Ki/o | Avpys(t)|dt (6.6)

whereK, andK; are the proportional and integral coefficients of PI comtrplespectively.
According to (6.6), if the system is unstablé,vy,gd > 0, Ployt is increased from zero.
By Fig. 6.3(a)Ployut also decides the centre frequencyggy((s). Therefore, onc®loy is
increased tdcs, Zasvi(s) will find its right centre frequency, stabilise the cascadgstem
and makgAvyd = 0. Then, as observed in Part C and Fig. 6.3(b), the inputS, @
equal to 0— the output ofS; becomes - the output ofRelaychanges to - the input

132



ibus ( ) io
+o—->—0—ro\— +
Veus i i |Load converter Vo
—O— -
S L )
! A4
[1+7,)],
P
G 4571(8) Gia (8)Gipg () s Gs) H(s)
------------- v,
TN —-
"""""""""""" G(s) —oVor

Figure 6.2: Realisation of the ASVI control strategy via mddSasy (S).

Logic of S;1 & S, Logic of Relay
Input2 <0 Input2 >0 Input > 0 Input <0
Out Input3 Inputl Out 0 1
D ...................................................................................................
_ [1+7,(s)]- P,
-lbus .
G,y ()G (5,

m Avbus AV us‘ .
: ( §

P‘Igzm 4 KPImtt:fCS

WS
P e T 20,
1s locke
ST ’(S]m? 0>><Sl(7m O> >@{ela}%)uzf> g(z)uinzl) toﬁfS

) A Tocked ¥ o
0 V0! §10,~S1,=0={S1,,,=1)
(b)

Figure 6.3: Realisation of th@asy(S): (a) control circuit ofGasy((S); (c) adaptive mech-
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133



2 of § changes to - the output ofS; is changed to the input 1 & and becomes 0
again— the output ofRelayis locked as 1. Therefore, the output®f o, is always

equal to its previous value
Sout(N+1) = Souwt(n) = fcs (6.7)

wheren-+ 1 andn represent the tima+ 1 and its previous time, respectively. Both of
them are aftePlyy: finding fcs
According to Fig. 6.3 and (6.7), &0, is equal tofcs before the relay is locked, the

centre frequency afasy((S) is finally locked asfcs and will not be changed further. At

ca [LHTU(9)]Ps
“Gid (5)GpwM(S)VZ
Parts C and D are sent to Part E, whereZRe,|(s) can be achieved. Finally, the output of

the same timeiy,s is sent to Part D to reali . Then, both the outputs of

GasvI(S) can be obtained from the output of Part E.
Note that in the ASVI control strategy, the PI controllerydaan important role in

helpingGasy/((s) find fcsadaptively.

6.1.2 Potential Problem of the ASVI Control Strategy

As described in Section 6.1.1, the PI controller is the kaytadler for helping the ASVI
control strategy to find the centre frequency of ASVI. Howew®as discussed in Chapter 5,
if Kp or K is too large, the PI controller may miss the right frequenaoy eause the failure
of the ASVI control strategy. This is a potential problem o tASVI control strategy.

As shown in Fig. 6.4(a), whel, andK; are too large, this can cauBdy to increase
to such a degree during a sampling period tlagtis skipped. Unfortunately, for the ASVI
control strategy, iffcsis skipped,Gasvi(S) is unable to find it again. In other words, the
ASVI control strategy fails with larg&, andK;.

The detailed failure mechanism is explained in Fig. 6.44%.noted, ifPlyy; exceeds
fcs Zasvi(S) misses its right centre frequency, the cascaded systerill isrstable and
| Avipugd > 0. According to the control Part C of Fig. 6.3(a), the inputf Bpis larger than
0 — the output ofS; is larger than G- the output ofRelayis equal to 0— the input 2 of
S is equal to 0— the output ofS; is still equal to the input 3 o%; and larger than 6+ the
output ofRelayis always larger than 6+ the output ofS; is always equal to the input 3 of

S,. Since the input 3 0%, is also connected witRly, the output ofS; at this moment can

134



A . Miss :
1
= Pl
|} o Jie 1Y
T St U l.
ﬁ o"’ : “‘v'.. : ..".. : .\.
'.‘o : .'...“. : ,_- ... : .\
T T : > f
Plowery fes Plow
()
A
P}g” Fault arca
]
|Avbus| ._

0] T .
Cll)m S]1113>><<S]m2 0) I”e;‘/;lzlstlble
(b)
A :
(] l ¢
_ . J H
5 s :
J l’;‘\‘ .I:\ :
NN
R e N S
51 —f
PLug-yPlowry  fos
(©

Figure 6.4: The potential problem and its existing prevantnethod of the ASVI control
strategy: (a) misdcs with excessive Pl control parameters; (b) failure mechani)
existing prevention method in Chapter 5 — using sriglandK;.

be expressed as
S0out = Plout > fcs (6.8)

According to (6.6), af\Vy,d > 0, Ployt Will keep continue to increase due to its integral
function. By (6.8),S20: Will also continue to increase. Ao, also provides the centre
frequency foiZasy((S), the centre frequency @asy(s) will be farther away fromfcsand
never return, as shown in Fig. 6.4(b).

Therefore, the PI controller may miss the right centre fesgpy ofZasy/(S) with large
Kp andK; and lead to the failure of the ASVI control strategy. To avibiid problem, small
Kp andK; are recommended in Chapter 5 to prevent the permanent imstalation. As
shown in Fig. 6.4(c), if the&k, andK; are small enough, the PI controller can always

help Zasv|(s) to find the right centre frequency. This is also the only éxgstmethod for
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Figure 6.5: Experimental system and its failure Cases oRi¥| control strategy with
the same PI controller in Chapter 5: (a) experimental sysf{p)rCase I; (c) Case Il

prevention the potential problem of the ASVI control stepte

6.1.3 The Motivation of the MRPT Controller

As noted in Section 6.1.2, although smi}j andK; may prevent the fault of the ASVI
control strategy, this is only a temporary solution. Thidbécause the engineer or user
cannot have a clear conceptkof andK; for the ASVI controls strategy, i.e., how small is
small, or how large is large. Different cascaded systems djifferent answers.

In order to further elaborate on the limitations of the prei@ method proposed in
Chapter 5, a 120 W, 48 V - 24 V / 50 kHz Buck converter cascaddid twio differentLC
input filters is fabricated. As illustrated in Fig. 6.5(ef)the Buck converter is connected
to the filter withL = 2mH, C; = 100uF, the system is referred to Case I. If the Buck
converter is connected to the filter with = 3mH, C; = 150uF, the system is referred
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to Case Il. Since this cascaded system is unstable at bodsCasd Il, the ASVI control
strategy is applied into such unstable system and sedgcts10, K; = 20 for its PI control-
ler, whose parameters are the same as the Pl parametergateChaand already proved to
be small enough in their original experimental systems. él@x, as shown in Figs. 6.5(b)
and (c), thek, andK; are still too large for the example system in Fig. 6.5(a). Whethe
example system is working in Case | or Case II, the ASVI cdlgrdas failed to stabilise
the cascaded system. Note the dashed lines in Figs. 6.5{l{ranAvy 4 first decreases
and then increases, after enabling the ASVI control styatéglearly shows that in this
example systenK, = 10, K; = 20 are indeed too large for the Pl controller, which causes
the Ployt to close, miss and be farther away from the right centre #aqu ofZasy(S).
Therefore, in practice, the engineer should spend a lohw# testing the Pl parameters
many times to find a sufficiently small one for the ASVI contsttategy. Clearly, the
proposed prevention method in Chapter 5 increases the tistdar the cascaded system,
and reduces the competitiveness of the ASVI control styat®mce the Pl controller is the
root of the potential problem of the ASVI control strategylamanging the Pl parameters is
merely a palliative solution, the PI controller could iredeby replaced by another reliable

controller. It is for this reason that the current chapteposes the MRPT controller.

6.2 The Improved ASVI Control Strategy with the MRPT
Controller

6.2.1 The Relationship Between the Centre Frequency @isy(s) and
| AVpugd — the Inspiration of the MRPT Controller

As noted in Section 6.1.2, the potential problem of the ASWtcol strategy is its Pl
controller. It may miss the right centre frequencyZagky (s) and cause the failure of the
ASVI control strategy. Therefore, the relationship betwtee centre frequency @hsy (S)
and|Awpd is carefully analysed in this section. For conveniencectrdre frequency of
Zpsv((S) is hereinafter referred to &s.

To reveal the relationship betwedp and |Aw,,4 clearly, the Bode plots o, Z; s
and Z,s of a specific cascaded system with differdptare depicted in Figs. 6.6(a) and
(b). Here, this example system is the same as the experihmstiem in Fig. 6.5(a).
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Figs. 6.6(a) and (b) are the Bode plots of this system in Caaed I, respectively. For

both cases, it is only whef, = fcs, that|Zj_| is increased byasy((s) correctly and a

total separation is made betwept) s| and|Z,g. Otherwise, whethef, is increased or

decreased, as long ds is far away fromfcs, |Zjs| and|Z,g| are intersected and their
intersection becomes increasingly serious.

It is understood that the more serious the intersection etz s| and|Z.g, the

larger the oscillation bus voltage of the cascaded systermohwdtcurs (Wildrick, 1993).
Therefore, Figs. 6.6(a) and (b) suggest =¥y, will increase wherf, is far away from
fcs In order to verify this idea, the measur@l%' versus%"S of the above experimental
system are also presented in Fig. 6.6(c). Whether at Cageds# |, the minimumAvy,4
always appears dt = fcsand|Avy,d increases wheffy, is far away fromfcs.

It is worth pointing out that, Fig. 6.6(c) actually preseatyvery significance phe-
nomenon, i.e., th %,sz VS %"S curve behaves like an inverted power-voltage curve of a
PV cell (Liu et al., 2008). As the maximum power point of the B&l can be found by
the maximum power point tracking (MPPT) controller, it seelikely that the minimum
| Avpyg Of the cascaded system could be found by a similar MPPT déetroBy Fig.
6.6(c), if the minimum Avy,4 is found, the cascaded system also becomes stable. This is
the initial inspiration for the proposed MRPT controller.

6.2.2 Basic ldea of the MRPT Controller

In Fig. 6.6(c), a MRPT controller is proposed to help the ASWdhtrol strategy findics
instead of the original PI controller. With this MRPT coriteo, the ASVI control strategy
could eliminate the potential problem caused by the orighh@ontroller. The basic prin-
ciple of the MRPT controller is described in this section.

Fig. 6.7(a) illustrates that the MRPT controller actuaégins the perturb and observe
(P&O) algorithm (Liu et al., 2008) from the MPPT controllevith f, is perturbed by a
small increment in the MRPT controller, and the resultingraie of| Av,,d measured.
Where the resulting change oA\, 4 is negative, the perturbation d§ moves|Avy,4
closer to the minimum ripple point (MRP). Thus, furthigrperturbations in the same dir-
ection (that is, with the same algebraic sign) should nmdve,,dJ toward the MRP. If the
resulting change ofAv,,d is positive,

AVp,d has been moved away from the MRP, and
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Figure 6.7: Basic idea and algorithm flowchart of the MRPTtoater: (a) basic idea; (b)
algorithm flowchart.

the algebraic sign of the perturbation should be reversetbice back toward the MRP. Fig.
6.7(b) illustrates this algorithm in a detailed flowcharere,| Avpys(k — 1)| and| Avpug(K)|
are|Avpyd at timek — 1 andk respectively.fo(k— 1), fo(k) and fo(k+ 1) are f, at time
k—1,kandk+ 1, respectively. Between tinleand timek+ 1, the MRPT controller works

as follows:

[ {|AVous(K)| > [AVpus(K—1)| & fo(K) > fo(k—1)} —  fo(k+1) = fo(k) —Afy (6.9)
H{]AVous(K)| > [AVousk— 1) & fo(k) < fo(k—1)} —  fo(k+1) = fo(k) + Afo (6.10)
[ {]AVbus(K)| < [AVpus(K—1)| & fo(K) > fo(k—1)} —  fo(k+1) = fo(k) + Af, (6.11)
H{]AVous(K)| < [AVousk—1)[ & fo(k) < fo(k—1)} —  fo(k+1) = fo(k) — Afo (6.12)

where A fq is the perturbation size df,. In order to avoid the oscillation caused by the

P&O algorithm (Liu et al., 2008), a smalléx f, is recommended in the MRPT controller.
As indicated by (6.9}~ (6.12), even when the output of the MRPT controller is in-

creased rapidly and skipigs, it is still able to return and find it. Therefore, the MRPT
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controller indeed eliminates the potential problem of thginal ASVI control strategy.

6.2.3 Improvement of the MRPT Controller with Sinusoidal-Tracking-
Algorithm (STA)

As observed in Section 6.2.2, a smallef, is needed in the MRPT controller to avoid the
oscillation caused by the P&O algorithm. However, a smalldp also means a slower
processing speed of the MRPT controller as shown in Fig.ap.86 order to solve this
problem, the MRPT controller is further improved with STAtiis section.

It is understood that if the system is unstable due to thesatgion betweery; s| and
|Zog|, the fundamental frequency dfw,,s will be very close tofcs (Zhang et al., 2015;
Wildrick, 1993). Therefore, if the fundamental frequendy/ov,,s can be pre-measured
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and pre-set as the initial frequencyfgfbefore enabling the MRPT controller, it can reduce
much of the processing time for the MRPT controller to find fge This is the key point
to improve the MRPT controller. For convenience, the fundatal frequency ofA\vys
and the initial frequency of, are hereafter referred to ésss and fo;, respectively.

As shown in Fig. 6.8(b), the above idea can be realised sitmply HPF and a STA:
Vs first goes through the HPF to extratty,,s, then the STA (Zhong and Hornik, 2013)
measuredoss from Avys fost IS then set ady;. Therefore, before starting the MRPT
controller, its output is already very close fgs, which can greatly shorten the processing
time of the MRPT controller to find thécs. As a result, the MRPT controller is indeed
improved by a fast processing speed.

As discussed before, the STA plays an important role in impgthe MRPT control-
ler. Therefore, its detailed operational principle andglesriteria are specially explained
as follow.

First, the STA is essentially a phase-locked-loop (PLL)psdobjective and estimated
signals are\vpg(t) and its fundamental componegit), respectively.Avy,gt) ande(t)

are assumed to be

Avpudt) = vaisinegi +n(t) (6.13)
et) = E(t)sinO(t)
_ E(t)sin(/ot w(1)dT + 3(t)) (6.14)

whereViy and6y; are the amplitude and phase of thia harmonic component afvps(t);
n(t) represents the noise dhvp,gt); E(t) and6(t) = [ w(T)dT + 5(t) are the amplitude
and phase of(t).

Then, the state vector of the STA is defined/ds) = [E(t) w(t) 6(1)]T. So the problem
of designing the STA can be formulated as finding the optineatar (t) that minimises
the cost function

Iyt),t) = dA(t)
= [Avpugt) —e(t)]? (6.15)

whered(t) = Avpyug(t) — e(t) is the tracking error of the STA.
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In order to solve the optimisation problem, formulate

dE—Et) =21 dsing
dyt)y 2[dy(t),t] dat)
g = H 00 = g = 2upEdcosh (6.16)

_ dw
qt — Wt Hsge

(6.16) is the basis for implementing the STA as shown in Fig(d. As illustrated
in (6.16) and Fig. 6.8(c), there are three control paramsateiSTA: y; is the integral
coefficient of the integral controller of the STA amplitudsop. p, and s form a Pl
controller to (s + %) of the STA frequency loop. In general, the larggr po and us, the
higher the bandwidth of STA and the faster the response. Mewi®o large au should be
avoided (Zhong and Hornik, 2013) as it may cause instalafiyTA if a larger phase jump
of Avpysoccurs. In this chaptep,, u» andus are selected as 10, 35 and 2 respectively for
the experimental system in Fig. 6.5(a).

According to Fig. 6.8(c), when the frequency loop of STA esits steady state, STA
can extractfosf from Avyysand also providdyss as the initial frequency fof,. Therefore,
with the STA, the improved MRPT controller not only inhetitee advantages of the basic
MRPT controller to eliminate the potential problem of thegoral ASVI control strategy,
but also ensures the improved ASVI control strategy to duistabilise the cascaded sys-

tem.

6.2.4 Realisation of the MRPT Controller

According to Section 6.1.1, the ASVI control strategy adds/@n impedance regulator
Gasv(S) to the original control system of the load converter. TherefFig. 6.9 shows the
practical implementation circuit dbasy (s) with the MRPT controller. When the single-
pole-double-throw switche®, is connected to its input 1, STA is disabled and the circuit
is for theGasyv(s) with the basic MRPT controller. Whe® is connected to its input 2,
STA is enabled and the circuit is for ti@&sy((s) with the improved MRPT controller. As
observed earlier, this circuit utilises Parts B and C toiseahe function of STA and the
basic MRPT controller, respectively. Also, when STA is dedbPart B extracts thést
from Avpysand sends it into Part C to provide the initial frequency figrAs the detailed

operational principle of the basic MRPT controller and STArgvexplained in Sections
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Figure 6.9: Implementation circuit @asy/(S) with the MRPT controller.

6.2.2 and 6.2.3 respectively, they will not be repeated.hier€&ig. 6.9, the logic of5; ~

S5, RelayandStartare also presented.

6.3 Experimental Verification

In this section, the improved ASVI control strategy with fv®posed MRPT controller
are applied to the experimental system in Fig. 6.5(a). Ia &xperiment, the sampling
time step and\ f, of the MRPT controller are 10 ms and 25 Hz, respectively. Tdrerol
parametersty, U andus of the STA are 10, 35 and 2, respectively.

Firstly, the improved ASVI control strategy with the basidRMT controller is utilised
by the experimental system. The experimental waveforma&ge€| and |l are presented at
Figs. 6.10(a) and (b) respectively, whilst the definition i,y i1 andv, are illustrated
in Fig. 6.5(a). It is noted that, in both cases, the improv&VAcontrol strategy with
the basic MRPT controller works well and is able to stabitise cascaded system. In
contrast to the experimental results in Figs. 6.5(b) andtf® basic MRPT controller
eliminates the potential problem of the original ASVI cantstrategy. However, in Figs.
6.10, its stabilisation time is a little longer. As discussdove, this is caused by the slow
processing speed of the basic MRPT controller.

The improved ASVI control strategy with the improved MRPhtoller utilising STA,

is then applied to the experimental system. The experirheraeeforms in Cases | and
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Figure 6.10: Experimental waveforms at Cases | & Il with thgpioved ASVI control
strategy incorporating the basic MRPT controller: (a) Ga¢le) Case |l.

Il are presented at Figs. 6.11 and 6.12, respectively. Ire Cathe steady state wave-
forms, input voltage dynamic waveforms and load dynamicef@ms of experimental
systems are presented in Figs. 6.11(a), (b) and (c), regplgciAccording to Fig. 6.11(a),
the improved MRPT controller and the improved ASVI contrivategy not only stabilise
the cascaded system, but also require much less stalhigatie than that of the basic
MRPT controller. Additionally, Figs. 6.11(b) and (c) indie that the cascaded system can
work well with the improved ASVI control strategy incorptirg the improved MRPT
controller, whether during input voltage changing,{: 48V — 38.4V) or load chan-
ging (po : 10W — 120W) processes. Similarly, in Case Il, the steady state wanefpr
input voltage dynamic waveforms and load dynamic wavefoomexperimental system
are presented in Figs. 6.12(a), (b) and (c), respectivedair it has been verified that the
improved ASVI control strategy with the improved MRPT calier not only stabilises the
cascaded system with a fast speed, but also works well dtirendynamic processes.

These experimental results thus verified the effectiveaese ASVI control strategy
with the MRPT controller.
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Figure 6.11: Experimental waveforms at Cases | with the awpd ASVI control strategy
incorporating the improved MRPT controller: (a) steadyest@aveforms with rated input
voltage and load, (b) dynamic waveforms when the input geltsteps down from 100% to
80% rated voltage at full load, (c) dynamic waveforms whenltdad increases from 10%
to 100% rated load at rated input voltage.
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Figure 6.12: Experimental waveforms at Cases Il with theroaied ASVI control strategy
incorporating the improved MRPT controller: (a) steadyest@aveforms with rated input
voltage and load, (b) dynamic waveforms when the input geltsteps down from 100% to
80% rated voltage at full load, (c) dynamic waveforms whenltad increases from 10%
to 100% rated load at rated input voltage.
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6.4 Summary

The traditional ASVI control strategy utilises a Pl conkeolto find the centre frequency of
the ASVI. However, this PI controller may miss the right fueqcy with excessive propor-
tional or integral coefficients and cause the failure of tf&/Acontrol strategy. Though
this problem has been discussed in Chapters 4 and 5, it hagnbéen solved, thus this
chapter looks again at the problem. The relationship betwezbus voltage ripple and the
centre frequency of the ASVI is firstly analysed. From thiss clear that their relationship
curve behaves like an inverted power-voltage curve of a AV déerefore, a P&O al-
gorithm based MRPT controller is proposed to find the cemaguency of ASVI, in place
of the original PI controller. With the MRPT controller, tR&VI control strategy can find
the centre frequency of the ASVI without the above problemrttiermore, in order to
shorten the stabilisation time of the improved ASVI constrhtegy, the STA is also util-
ised to improve the processing speed of the proposed MRRTotlen In this chapter, both
the potential problem of the original ASVI control strategith the PI controller and the
effectiveness of the improved ASVI control strategy witle ffroposed MRPT controller

are experimentally verified on an actual cascaded system.
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Chapter 7

Source-side SVI (SSVI) Control to
Stabilise Cascaded Systems and Improve
the Source Performance

Based on the analysis in Chapters 2 to 6, the ASVI controlesiyais so far the best load
stabilisation method for the cascaded system. It can ngtroake the cascaded system an
unconditional stable system by shaping the load input iraped, it also changes just the
load inputimpedance in a very small frequency range, miimgiits impact on the original
load converter. However, though the ASVI control strategy already greatly reduced its
impact on the load converter, its remaining impact is negatin order to solve this prob-
lem, this chapter moves the ASVI from the load side to the @@side via a source-side
SVI (SSVI) control strategy for the source converter. Thepmsed SSVI control strategy
not only has the same stabilisation function as the ASVImbstrategy, it also improves
the performance of the source converter. In addition, stheeSSVI control strategy is
realised by changing the control block of the source corvgitie performance of the load
converter is not affected. Therefore, the SSVI controltega can be treated as a supple-
ment and expansion of the ASVI control strategy. Moreovepehding on the method of
realisation, the SSVI control strategy can be divided i dource stabilisation methods
of the cascaded system. It is also worth pointing out thahasSSVI control strategy
stabilises the system by reducing the source output immpegdinis not only suitable for
the cascaded system with one upstream converter and onestileam converter, but also

for the distributed power system with multiple upstreamvesters and one downstream
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Figure 7.1: Distributed power system with multiple upstneeonverters and one down-
stream converter.

converter as shown in Fig. 7.1.

In this chapter, the impact of the ASVI control strategy oe kbad converter and the
impact of the SSVI control strategy on the source convereeaaalysed via two-port net-
work analysis. The concept and realisation approach of 8\ Sontrol strategy are also
discussed in detail. The remaining parts of this chapteoaganised as follows: the im-
pact of the ASVI control strategy on the load converter islys®l via two-port network
analysis in Section 7.1. The SSVI control strategy is theppsed and its impact on the
source converter discussed in Section 7.2. Following thisQO W, 48 V - 32V - 24 V
cascaded system is experimentally employed to verify teefeness of the SSVI control

strategy in Section 7.3. Section 7.4 then concludes thigteha

7.1 Impactofthe ASVI Control Strategy on the Load Con-
verter via Two-Port Network Analysis

In this section, the generic two-port network models of theedl converter with and without
the ASVI control strategy are first derived. Then, the imgddhe ASVI control strategy

on the load converter is analysed based on a specific cassgsted.
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Figure 7.2: Two-port network model of the original load certer: (a) block diagram; (b)
two-port network model.

7.1.1 Two-Port Network Model of the Original Load Converter

In Fig. 7.2(a), the small signal block diagram of the origile@d converter is presented,
presenting/yus andipys as the input voltage and current of the load converter, cisedy.

Vo andi, are the output voltage and current of the load convertepeas/ely. d, is the
duty cycle of the load converteEZio, (S), GioL(S), GigL(S), GvoL(S), ZooL(S) andGyqy(S)

are the six basic open-loop transfer functions of the loateder, whose definitions are
referred to Fig. 7.2(a). In addition, for the original loagheerter, a voltage closed-loop
is utilised, whereHg (s) and G (s) are the sampling coefficient and voltage regulator
transfer function of the output voltage, respectively, &l (S) is the transfer function of
the modulator.

According to Fig. 7.2(a), the generic two-port network micafehe original load con-
verter is derived and presented in Fig. 7.2(b), wl&rés) is the closed loop input imped-
ance;Gj_(9) is the closed loop load to input current transfer functiGp;(s) is the closed
loop input to output voltage transfer functiafy (S) is the closed loop output impedance.

The performance of the original load converter can be fulgalibed byZj (S) ~ Zo(S)
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Figure 7.3: Two port network model of the load converter vifth ASVI control strategy:
(a) block diagram; (b) two-port network model.

(Arnedo, 2008), whose expressions can be derived as

o oud(9) [ 1 1 T 1 Gu(9Gwou(9)\] "
e = ibus(S) iy 90 [ZiOL(S) 1+Tu(s)  1+Tu(s) <Zi0L(S) Gual(s) ﬂ
(7.1)
o Tous(9) o~ ~ ZooL(9)GigL(s)  Tu(s)
Gulo) = i0(9) lgpg9=0 Gou Gua(s)  1+Tu(s) (7-2)
_ Y%(9) _ Guly
GuL(s) = Vbus(S) 920 = 11+ T (s (7.3)
. \70(8) - ZoOL(S)
“ld= 19 gm0 1TTW (74

whereTy (S) = HsL(S)GcL(S)GmL(S)GvaL(S) is the loop gain of the voltage closed-loop of
the original load converter.
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7.1.2 Two-Port Network Model of the Load Converter With the ASVI
Control Strategy

According to Chapter 5, in order to stabilise the cascaded system, the ASVI control strategy
adds an adaptive virtual impedanggsy (s) in series withz; (s) to avoid the intersection
between|Z,s(s)| and|Z_(s)|. As shown in Fig. 7.3(a), thiZasy(S) is actually realised

by introducing an impedance regulatgsy((S) to the control block of the load converter.

The expression dBasy((S) is:

[1+ Tu(9)]Po

Gasvi(s) = Zasvils)- GidL(S)GML(SVis (75
where
Ziis(s)— Zi(s) fe[fy, f2 —2K; (211fRe) S
7 = ~ 7.6
ASVI(S) {O f §§ [f]_7 fz] 82+2(2T[ch) S+ (27ch5)2 (7.6)

here,Z s(s) is the improvedz; (s) by the ASVI control strategy,Zj s(s)| > Zosp dur-
ing (f1, f2) and Zj s(s) = Zj(s) outside(fy, f2). frc = Max[(fcs— f1),(f2— fcg)] is
the bandwidth at-3dB cut-off frequency of th&Zasy((S). |Zasvi(S)| during (fcs— fre,
fes+ fro) is equal to% and also is equal 47 (j27Tfcs) — Zi (j2micg)|.
According to Fig. 7.3(a), the generic two-port small signal model of the load converter
with SVI control strategy is presented in Fig. 7.3(B).s(S), GiLs(S), GvLs(S) andZy s(S)
are the improved;_(s), G (S), GyL(S) andZ,(s) with the ASVI control strategy, respect-
ively. Their expressions can be derived as

Zis(s) = = = ZL(S)+ZasvI(S) (7.7)
Ibus(S) I7,(9)-0
_ _ iAbUS(S) _ A T (s) -
ST lgo (o) (78
U6(s) Gu(d  Ti(9) Tw(s) \ -
09~ s (O oot ne) (i) 09
() - GuL(S)GioL(s) TiL(S) T(s) \°
Zovs(s) = T oo <ZOOL(S)+ Ga(s 1-T. (S)> <1+ -T.(9 )7.10)

whereTi_(s) = Gasvi(S)GidL(S)GmL(S).
According to (7.7), the ASVI control strategy addgsy (S) to the series witfr;_(s) to
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Figure 7.4: Example system with the ASVI control strategy.

Table 7.1: Parameters of the example system with the AS\Mrabstrategy

Vin |48V || Vo | 24V || fus|20kHz || Ly | 1mH || L, [ASOuH| Hs Hyp, | 0.1 100 0
. Gos = 5+—1|G.;, =3.723¢° -
Vius| 32V || P, [100W|| fiz [LO0KHZ|| C [150,4F || Cp | 220 4F |(Gags, Gagr[1/2.34 s '

3 2
s+ 6.356¢
s+6.283¢°

form the final input impedance of the load convedgk(s). By (7.6),

Zj s(9)| is always

larger thanZ,s(s)|, thus, the ASVI control strategy can ensure the systemlgyabi
However, according to (7.8} (7.10), though the ASVI control strategy sha@ags)

to ensure the system stability, all the transfer functionthe load converter have already

been changed by it. Here, in order to show the changed trafusietions clearly, all of the

changed transfer functions are also marked by shadow aréag.i7.3(b).

7.1.3 Impact of the ASVI Control Strategy on the Load Converer

According to Sections 7.1.1 and 7.1.2, though the ASVI airdirategy can stabilise the
cascaded system by shapifg(s), it in fact changes all the transfer functions of the ori-
ginal load converter. In order to evaluate the impact of A8bvfhtrol strategy on the load
converter clearly, a detailed cascaded system is taken esaanple to aid the analysis in
this section. The main circuit and control block of this exd@system are depicted in Fig.
7.4, and the parameters of the example system are presantadle 7.1.

According to (7.1) and (7.7), Bode plots&f (s) andz; s(s) of the example system are
depicted in Fig. 7.5(a). These suggest that the ASVI costrategy can increas (s)|
during (f1, f2) to ensure a total separation betwegps(s)| and|Zys(s)|. Therefore, the
stability of the cascaded system is guaranteed. Howevgrydrthy pointing out that, since
the negative resistor characteristic&f(s) is also changed by the ASVI control strategy
during(f1, f2) (See Fig. 7.5(a)), the ASVI control strategy actually hagatiee impact on
Zj_(s) from the load performance point of view.
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According to (7.2) and (7.8), Bode plots @i, (s) andG;j_s(s) in the example system
can be depicted and presented in Fig. 7.5(b). As s€gry(s) is different with Gj_ (s)
during(f1, f2), however, the difference is very small and can be ignored.

According to (7.3) and (7.9), Bode plots Gf, (s) andG,_g(s) in the example system
can be plotted and presented in Fig. 7.5(c). These show@hai(s)| is larger thanG,, (s)|
at a lower frequency. Sind8,.(s) reflects the suppression ability @f to the disturbance
of vpys and the smallefG,, (s)| the better, the ASVI control strategy has a negative impact
onGyL(s).

According to (7.4) and (7.10), Bode plots 4y (s) andZ,_s(s) in the example system
can be plotted and presented in Fig. 7.5(d). SimilaG{ps(s), |ZoLs(S)| is larger than
|ZoL(S)| at a lower frequency. As a larget, (S)| also means a worse dynamic performance
of vo to iy, the ASVI control strategy has a negative impactZgn(s).

In summary, though the ASVI control strategy can stabillse ¢ascaded system by
shapingz_(s), this affects all the transfer functions and deterioratesgerformance of
Zy1(s), GyL(s) andZ (s). This is the limitation of the ASVI control strategy.

7.2 The SSVI Control Strategy

7.2.1 The Concept of the SSVI Control Strategy

As shown in Fig. 7.6, the ASVI control strategy adgsgsy((S) to the series witlz; (s),
to form the final load input impedand s(s) and ensurez s(s)| is always larger than
|Zos(S)| to stabilise the cascaded system. However, as discussed,dahe ASVI control
strategy deteriorates the performance of the load convémnterder to solve this problem,
theZasv|(S) is moved from load side to source side, thus changing theadsiock of the
source converter instead of the load converter in this @ectilo distinguish it from the
ASVI control strategy, this proposed solution is called’®8VI control strategy’.

As depicted in Fig. 7.6, sincBasy((S) is in a series witty;_(s) andZ,s(s) simultan-
eously, the SSVI control strategy has the same stabilisétioction as the ASVI control
strategy. The only difference between the SSVI and ASVI rdrdtrategies is in their
physical concepts, i.e., the ASVI control strategy keepstal separation betweeB,s(s)|

and|Z_(s)| by increasingz_(s)|, but the SSVI control strategy realises this by decreasing

155



10 10? 103' 104 "105 10 100 100 10" 10°

f(Hz) f(Hz)
() (d)

Figure 7.5: Bode plots of the load converter with or withdwe ASVI control strategy: (a)
Zi_(s) andZj_s(s); (b) GiL(s) andGis(s); (¢) Gui(s) andGyis(s); (d) ZoL(S) andZo_&(s).
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Figure 7.6: Concept of the SSVI control strategy.

|Zos(S)|. However, in later sections, it will be shown that, this sidéfference helps the
SSVI control strategy to overcome the drawback of the ASVitaa strategy, i.e., not de-
teriorating but in fact improving the performance of the meuconverter without bringing

any impact to the load converter when stabilising the castagistem.

7.2.2 Realisation of the SSVI Control Strategy

The small signal control block of the original source coteers presented in Fig. 7.7(a).
Vin andij, are the input voltage and current of the source convertepedively. ds is
the duty cycle of the source converteZjps(s) ~ Gus(s) have the same definitions as
ZioL(s) ~ GmL(s) inFig. 7.2(a), where the only difference is the subscigénotes 'source
converter’. As with the dotted line in Fig. 7.7(a), the itivé way to addZasy(S) to a
series withZ,s(s) is by introducingZasy((S) between,,sand—Vp s directly. However, this
method cannot be achieved by control directly. In order @resk this issue, the output of
Zasvi(S) moves to the output of the voltage regula@ys(s) and equivalently adjusts the
transfer function tdsssy(S), as shown by the dot-dashed lines.

According to Fig. 7.7(a), ilGssy(S) is required to realis&asy((s), the following

relationship is in force:

1

T5T5) (7.11)

—Ibus- Zasvi(S) = Ibus- Gssv(S) - Gus(S) - Guas(S) -

whereTys(s) = Hsg(S)Ges(S) Gms(S)Guds(S) is the loop gain of the voltage closed-loop of

the original source converter.
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Figure 7.8: Two-port network model of the source convertién the SSVI control strategy.



According to (7.11), the expression @Esy(S) can be derived as

1+ Tvs(S)
Gyag(S)Gwms(S)

Gssv(S) = —Zasvi(S) - (7.12)

Up to this point, Fig. 7.7(a) presents the fully controlldddk of the proposed SSVI
control strategy.

The proposed SSVI control strategy can be implemented bygitatsignal processor,
such as DSP TMS320F28335. The mechanism for this is presertey. 7.7(b), with both
Vhus@ndipys Sampled to provide the necessary information for the SSwrobstrategy and
the output voltage regulation. The algorithm obtains thelufation signal by adding the
output ofGssy((S) to the output 0f5.5(s), and then generatelg by pulse-width modulation
(PWM).

7.2.3 Impact of the SSVI Control Strategy on the Source Convéer

According to Fig. 7.7(a), the generic two-port small sigmadel of the source converter
with the SSVI control strategy can be derived and presemddg. 7.8. Zis(s), Gis(S),
Gys(s) andZ,s(s) are the four basic input-to-output closed-loop transfercfions of the
original source converter<sq(s), Giss(S), GvsqS) andZ,sds) are the improved;s(s),
Gis(s), Gys(s) andZys(s) by the SSVI control strategy, respectively. Their exprassican

be derived as

(9 B 1 1 T8 1 Gis(s)Gwos(s)\] ™
Ziss(s) = ﬂn(S) fous(9)=0 N | Zios(S) 1+ Tys(s) 1+ Tys(s) (Zios(s) Gvag(s) )}
= Zs(9) (7.13)
o din(9) P  ZoodS)Gias(s)  Tus(s) Tis(s)
Gissls) = ous(S) g, 90 _G'OS(S) Guas(S) 1+Tvs(s)] * [1+Tvs(s)]
= Gis(S)+ Gisa(s) (7.14)
Guads) = L - 2089 Gty (7.15)
ZoSiS) = —\Z::::((;) (90 = 12_:95(;)8) —|—ZASV|(S) = Zos(S) —|—ZASV|(S) (7.16)

whereTis(s) = Gssv(S)Gids(S)Gums(S).
According to (7.16), the SSVI control strategy adidgy ((S) into the series witiZyg(s)
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Load Converter

Figure 7.9: Example system with SSVI control strategy.

to form the final output impedance of the source convetgets). By Fig. 7.6, the SSVI
control strategy realises the same stabilisation funatiith the ASVI control strategy, so
the SSVI control strategy can guarantee the stability otdszaded system. According to
(7.13) and (7.15), the SSVI control strategy keeps the maigderformance oZ;s(s) and
Gys(s). According to (7.14), the SSVI control strategy changesattiginal performance
of Gis(s). In Fig. 7.8, the above changed transfer functions are ndesielash borders.

As with the ASVI control strategy, in order to evaluate thepant of the SSVI control
strategy on the source converter, the same example systemm s Fig. 7.4 is utilised to
aid the analysis in this section. The only difference is thet example system utilises the
SSVI control strategy instead of the ASVI control strate@ite main circuit and control
block of the example system with the SSVI control strategydepicted in Fig. 7.9. The
parameters of the example system can be found in Table 7.1.

According to (7.13) and (7.15), Bode plots§(s) & Zisg(s) andGys(s) & Gysds) of
the example system are depicted in Figs. 7.10(a) and (@ecésely. It can be observed
that the SSVI control strategy does not make any changés(@) andG,g(s).

According to (7.14), Bode plots @is(s) & Gisq(s) of the example system can be plot-
ted and presented in Fig. 7.10(b). The SSVI control strategyeases the amplitude of
Gis(s) at a higher frequency. AGis(s) reflects the suppression ability of to the dis-
turbance ofpysand the smallelGis(s)| the better, the SSVI control strategy has a negative
impact onGis(s). However, it is worth mentioning that since the SSVI consthtegy
only increase$Gis(s)| on the high frequency range, the impact is minimal in practic

According to (7.16), Bode plots @hs(s) & Zosqs) of the example system are depicted
in Fig. 7.10(d). The SSVI control strategy decregd&gs(s)| in the whole frequency range
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Figure 7.10: Bode plots of the source converter without dhwie SSVI control strategy:
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Table 7.2: Comparison for ASVI and SSVI control strategies

Affected converter| Ziws(8) | Giws(s) | Gursis) | Zoas(s) |Cascaded system| Evaluation
ASVIl Load converter | Negative [Little change| Negative |Negative Stable SSVI is better
SSVI| Source converter |[No change|Little change[No change| Postitive Stable than ASVI

to avoid the intersection witlz_(s)|. Therefore, the stability of the cascaded system is
guaranteed. In addition, sin@g(s) is the closed-loop output impedance of the source
converter, the smalléZ,s(s)| the better. Hence, the SSVI control strategy also has pesiti
impact onZ,s(s) from the source performance point of view.

In summary, the SSVI control strategy can stabilise theardext system by reducing
|Zos(S)]- It has no impact oZjs(s) andGys(s), a negligible negative impact dgs(s) and
a positive impact 0&os(S).

According to Figs. 7.5 and 7.10, both the impact of the AS\itcol strategy on the
load converter and the impact of the SSVI control strategyhensource converter are
concluded and compared in Table 7.2. The SSVI control gyatet only has the same
stabilisation function as the ASVI control strategy, bigtcahas a more positive impact on
the original cascaded system than the ASVI control strategym this point of view, the

SSVI control strategy is superior to the ASVI control stepte

7.3 Experimental Results

In this chapter, the example cascaded system presentegl.ii.Bj is fabricated to validate
the SSVI control strategy. Its circuit, control block, paeters and Bode plots can be
found in Section 7.2.3, and will not be repeated here. As shiowFig. 7.11, to make
the verification more available, the source converter isrotled by DSP TMS320F28335,
and the load converter is a special custom power module fr@&C0 POWER company.
The experimental results of the cascaded system with thd 8&\rol strategy are
given in Fig. 7.12. As shown in Fig. 7.12(a), this cascadestesy is unstable without
the SSVI control strategy. After enabling the SSVI contitohtegy, the cascaded system
becomes stable. This phenomenon is also consistent witke Blods in Fig. 7.10(d). The
input voltage dynamic waveforms of the cascaded systemtwelSSVI control strategy
at full load are presented in Figs. 7.12(b) and (c). In Fig2@), the input voltage of the
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Figure 7.11: Experimental system.

cascaded system changes from 80% rated voltage (38.4 V)& téted voltage (48 V).
In Fig. 7.12(c), the input voltage of the cascaded systemgésmfrom 48 V to 38.4 V. This
indicates that the SSVI control strategy can work well dgiramy input voltage changes.
The load dynamic waveforms of the cascaded system with thé 8@htrol strategy at
rated input voltage are presented in Figs. 7.12(d) and (@)Fid. 7.12(d), the load of
the cascaded system changes from 10% full load (10 W) to 1@0%0o&d (100 W). In
Fig. 7.12(e), the load of the cascaded system is changimg @0 W to 10 W. This also
indicates that the SSVI control strategy can work well dyiamy load changes

The dynamic experimental waveforms of the source conveitaror without the SSVI
control strategy are shown in Figs. 7.13 and 7.14, respgtiVt is shown that, with the
SSVI control strategy, the input voltage dynamic perforoeanf the source converter is
the same as the original performance. Moreover, with thel®8Ktrol strategy, the load
dynamic performance of the source converter is better th@otiginal performance of the
source converter. This is because the SSVI control strats)ycesZ,s(s)|, does not have
an impact or¥;s(s) andGys(s), and has a negligible negative impact@g(s).

According to Fig. 7.12~ Fig. 7.14, the SSVI control strategy not only stabilises the

cascaded system, but also improves the performance of tineesconverter.

7.4 Summary

The ASVI control strategy is further investigated in thisapter. It is understood that
though the ASVI control strategy can stabilise the cascagetém and limit its impact on

the load converter in a very small frequency range, it brimgegative impact to the load
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Figure 7.12: Experimental waveforms of the cascaded systémthe SSVI control
strategy: (a) steady state waveforms whgn= 48V, P, = 100V, (b) dynamic waveforms
whenVi, steps up from 38.4 V to 48V, (c) dynamic waveforms whgnsteps down from
48 V to 38.4V, (e) dynamic waveforms whe&gincreases from 10 W to 100 W, (f) dynamic

waveforms wherP, decreases from 100 W to 10 W.
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converter. In order to solve this problem, the SSVI contiategy is proposed. The SSVI
control strategy moves the ASVI from load side to source siglehanging the control
block of the source converter instead of the load converfey.a result, the SSVI con-
trol strategy not only has the same stabilisation functetha ASVI control strategy, but
also improves the performance of the source converter.ditiad, since the SSVI control
strategy is realised by changing the control block of the@®aonverter, the performance
of the load converter is not affected. Therefore, the SSWVitrab strategy is an improve-
ment on the ASVI control strategy. It is also worth pointing that as the SSVI control
strategy stabilises the system by reducing the source pbummpedance, it is not only suit-
able for the cascaded system with one upstream convertesrendownstream converter,
but also for the distributed power system with multiple u@at converters and one down-
stream converter. Finally, the proposed SSVI strategy bas kexperimentally verified on
alOOW, 48V -32V -24V cascaded system.

167



168



Chapter 8

Virtual RLC Damper for the LC Input
Filter to Stabilise Cascaded Systems and
Improve the Filter Performance

As discussed in Chapters 2 to 7, i@ filter at the input of a DC/DC converter may cause
instability when the converter is controlled as a constamigy load (CPL). As the reduced
system damping caused by the CPL is the root of the instalpitiiblem in cascaded sys-
tems (Middlebrook, 1979), the most intuitive solution isriorease the system damping by
using dampers (Erickson and Maksimov, 2001; Cespedes, @04l1; Marx et al., 2012).
Three typical dampers are depicted in Fig. 8.1, where theais in the dashed line are
used for damping. According to the structure and positichetdamper, the three dampers
are called thdRC parallel damper (Fig. 8.1(a)), tHeL parallel damper (Fig. 8.1(b)) and
the RL series damper (Fig. 8.1(c)), respectively. For the systemwa in Fig. 8.1(d) with
these dampers, the peak of the output impedance dfGhaput filter can be damped and
a total separation betweenr,| and |z | ensured to fulfil Middlebrook stability criterion
(Middlebrook, 1979). HereZ, is the output impedance of the damped input filter and
Z;, is the input impedance of the CPL.

Although these filter dampers can stabilisze the cascadgdmy their impact on the
LC input filter is always ignored and rarely reported. In thiggter, their impact was
carefully analysed via two-port network analysis, and isvi@nd that all these dampers
degrade the origindlC input filter performance to some extent. To solve this pnobla

RLC damper is proposed which could not only can stabilise theesysvhilst improving
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Figure 8.1: Typical dampers and their application: R& parallel damper; (bRL parallel
damper; (cRL series damper; (d) application.

the performance of theC input filter, but also achieve high robustness to the paramet
variations of the.C input filter. Based on thRLC damper, a virtuaRLC (V RLC) damper

is further proposed to avoid the power loss of the passivepom@nts by changing the
control block of the CPL. The actual effectiveness of 'hBLCdamper and its impact on
the CPL are also discussed. It should be stressed that ghttbaV RLCdamper is similar
to the PVI control strategy in Chapter 2, they are fundanmbrdiferent. The PVI control
strategy stabilises the system by shaping the load inpuédiapce, without considering
the source performance. However, thBRLC damper stabilises the system by shaping the
outputimpedance of theC input filter whilstimproving the filter performance. Finglthe
proposed/ RLCdamper is experimentally verified by a 100 W 48 V - 24 V Buck caner
with aLC input filter.
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The remaining parts of this chapter are organised as followSection 8.1, the existing
dampers and their impact on th€ input filter are discussed. THLCdamper is proposed
in Section 8.2, where its design consideration, advantdgaslvantages and impact on the
LC input filter are also analysed. Following that, tReC damper is virtual realised in
Section 8.3, where the control and effectiveness o¥tR&Cdamper are also discussed. In
Section 8.4, both the existing dampers and propddedCdamper are utilised as an actual
cascaded system, whose experimental results verify thetefness of thg RLCdamper.

Finally, Section 8.5 concludes the chapter.

8.1 Existing Dampers and Their Impact on theLC Input
Filter

8.1.1 Review of the Existing Dampers

In this section, the existing dampers are reviewed undesdah® design principle: dBQ
system gain margin (GM) (Wildrick, 1993).

8.1.1.1 RCParallel Damper

According to (Erickson and Maksimov, 2001), Fig. 8.1(a) &adBQ GM stability require-

ment, the componen@; andR; of the RC parallel damper can be designed as

Ci = mGCq (8.1)

_ - [(2+n1)-(4+3m)
Ri = Rof \/ 2% (4 (8.2)

where

Rot = /= (8.3)

(8.4)
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8.1.1.2 RLParallel Damper

According to (Erickson and Maksimov, 2001), Fig. 8.1(b) &adBQ GM stability require-

ment, the components andR, of the RL parallel damper can be designed as

L, = nolL+ (8.5)
_ n2-(3+4n2)-(1-|—2n2)
R0 = Rot \/ 2-(1+4ny) (8.6)
where
1 1+4 <ZiL/102_60> 1 (8.7)
n, = - + — .
4 RS

8.1.1.3 RL Series Damper

According to (Erickson and Maksimov, 2001), Fig. 8.1(c) &uBQ GM stability require-

ment, the components andR3 of the RL series damper can be designed as

Lz = nslL¢ (8.8)
-1
_ | (A4n3)  [2-(1+ng)-(4+n3)
Re = Rt |\ \/ (243 - (41 3n3) (8.9)
where
6\ 2 6\ 2 -1
(ziL /10@) (ziL /1om>
N = ||| LHd 3| S 2 (8.10)
f f

All the above dampers can ensure a total separatig@gfand |Z;_ | to stabilise the
system (Erickson and Maksimov, 2001; Cespedes et al., 20ddyever, their impact on
the LC input filter has not been analysed sufficiently in the exgsliterature. For this
reason, the impact of existing dampers on ti&input filter is carefully analysed here

using the two-port network model in Sections 8.1.2 and 8.1.3
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Table 8.1: Definitions oAx(s) andBy(s) in different dampers

LC input filter A ——— B—{—1+
.. — | |
Original (x=0) JYL;fL 1=

RC parallel damper (x=1)

RL parallel damper (x=2)

RL series damper (x=3)

Proposed damper (x=4)

8.1.2 Two-Port Network Model of the LC Input Filter with Different

Dampers

In Fig. 8.2(a), the generic two-port network circuit modéttee LC input filter with differ-

ent dampers is presented, whegeandvy,sare the filter input and output voltage, respect-

ively; iin andipys are the filter input and output current, respectively; apgs) andBy(s)

represent the impedance of the filter inductor branch andatp branch, respectively. A

further description oAx(s) andBx(s) is presented in Table 8.1. In Fig. 8.2(b), the two-port

block diagram of Fig. 8.2(a) is given, whetgy(s) is the output impedance; Zix(s) is the

input voltage to input current transfer functidd;y(s) is the input to output voltage transfer

function; Gix(s) is the load to input current transfer function. Here, thessulptx =0~ 4

denotes with no dampdRC parallel dampeRRL parallel dampeiRL series damper and the

latter proposed damper, respectively. As is known, thegperdnce of the.C input filter

can be fully described b¥ox(s) ~ Gix(s), which can be derived as

\7bus(S>

Zod) = IAbus(s)
o= 3
e iin(9)
IX(S) a iAbus(S>

Ax(s) ) BX(S)

Vin(s)=0 Ax(S) +Bx(s)
B 1
(9=0  AX(9)+Bx(9)
Bx(S)
fous(9)=0 Ax(8) +Bx(s)
Bx(S)

in(5)=0 ~ A(9+B(9)

(8.11)

(8.12)

(8.13)

(8.14)

It is worth noting that according to (8.13) and (8.1&)«(s) andGix(s) have the same

expression.

173



iin Ax (S) ibus I

vin B X(S ) ﬁbus
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(b)

Figure 8.2: Generic two-port network model of th€ input filter with different dampers:
(a) circuit model; (b) block diagram.

>

\4

v ]

8.1.3 Impact of Existing Dampers on theLC Input Filter via Two-port
Network Analysis

According to Section 8.1.2, the performance of tiinput filter can be fully evaluated
by two-port network analysis with four transfer functiongsx(s), 1/Zix(s), Gux(s) and
Gix(S), whereZ,y(s) reflects the impact of the (load) currégtson the (load) voltagey,s
1/Zi(s) reflects the impact of (input) voltage variations\gf on the (input) current;y;
Gux(s) reflects the impact of (input) voltage variations\gf on the (load) voltage/p,s
Gix(s) reflects the impact of the (load) curraggs on the (input) currenit,. However, all
the existing dampers are only focused on how to dafgg(s)| to ensure the system sta-
bility while ignoring their other impact 0Zox(s), 1/Zix(s), Gix(s) andGyx(s). Therefore,
in order to analyse the impact of the existing dampers orL@eput filter, the existing
dampers impact 0ox(S), 1/Zix(S), Gux(s) andGix(s) are thoroughly analysed in this sec-
tion. Moreover, in order to show the results in a clear wapecgicLC input filter is taken
as an example to facilitate the analysis. The parameterseahtampldC input filter and
its dampers are given in Table 8.2, where the existing dasmer designed, according to
(Erickson and Maksimov, 2001), withdBBQ system GM. In addition, For the CPL, if§
is equal to-V;2 o/ P,, whereP, is the output power of the CPL and its value is also listed in
Table 8.2.

According to (8.11), Table 8.1 and Table 8.2, the Bode plotExp(s) with different
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Figure 8.3: Impact of different dampers on @ input filter: (a)Zox(s); (b) 1/Zix(s); (c)
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Table 8.2: Parameters of the examp&input filter with different dampers
PARM,| Value |PARM| Value |PARM, Value |PARM)| Value
Vie |48V | Cr |SOuF| L, 1.5mH Ly [1.9mH
Veus | 48V | Ry |6.5Q| Ry |1.7Q| C4 |27 uF
P, [TO0OW| C, |[60uF| Ly [1mH
Lr [1mH| R, [65Q] Ry [11.5Q

dampers are depicted in Fig. 8.3(a). It can be seen that tleqiéZ,4(s)| can be damped
by all the dampers to ensuralBQ GM stability of the cascaded system. However, the
RL series damper increasgsx(S)| at the lower frequency range. Since a higl#&k(s)|
means a poorer suppressiongfs to the disturbance af,,s the RL series damper has a
worse impact oZox(s).

According to (8.12), Table 8.1 and Table 8.2, the Bode plbtl/@ix(s) with different
dampers are presented in Fig. 8.3(b). It is shown that, theolg peak of1/Zi(s)| can
be damped by all the dampers, 1R€ parallel andRL parallel dampers increask/Zix(s)|
at the lower and higher frequency ranges, respectivelyceSinhighet1/Z(s)| means a
worse suppression ability @f, to the disturbance ofi,, bothRC parallel andRL parallel
dampers have a worse impact ofzk(s).

By (8.13) and (8.14), sind8,x(s) andGix(s) have the same expression, they are depic-
ted by the same Bode plots in Fig. 8.3(c).

WhenGx(s) has a higher cut-off frequency,ys has a quick dynamic responseug.
Hence, the higher the cut-off frequency®jx(s), the better. According to Fig. 8.3(c), the
cut-off frequency ofsyx(s) is increased when adopting tRé parallel damper, but reduced
when adopting th&®C parallel orRL series dampers. Therefore, Rk parallel damper has
better impact, but thRC parallel andRL series dampers have a worse impacG(s).

For Gix(s), since it reflects the suppression capabilityiigfto the harmonic ofpys
it determines the resistance to electromagnetic intarterdEMI) of thelLC input filter
(Erickson and Maksimov, 2001). From this perspective, tlaeel the cut-off frequency of
Gix(s) and the smaller th&Gix(s)|, the better. According to Fig. 8.3(c), the resonant peak
of |Gix(s)| can be damped by all the dampers, the cut-off frequency aptitace of Gix(Ss)
is reduced by botRC parallel andRL series dampers. However, tRd parallel damper
increases the cut-off frequency and amplitud&sgfs). Therefore, bottRC parallel and

RL series dampers have a better impact, thougtRihearallel damper has worse impact
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Table 8.3: Impact ohC input filter with different dampers
Damper—Pact] Z,(s) | 1/Z.(s) | Guls) | Gils) [System stability

Without damper [Normal[Normal|Normal|Normal|  Unstable
RC PAR. Better | Worse | Worse | Better Stable
RL PAR. Better | Worse | Better | Worse Stable
RL SER. Worse | Better | Worse | Better Stable

Proposed damper| Better | Better | Better | Better Stable

onGix(s).

The impact of the existing dampers on th€ input filter is concluded in Table 8.3.
Although all the dampers are able to realise their statiisdunctions, they degrade the
performance of th&C input filter to some extent. Note that, the impact of the danpe

be proposed later on the input filter is also included in Table 8.3 for comparison.

8.2 The ProposedRLCDamper

8.2.1 Design Principle of the Propose®LC Damper

To overcome the drawbacks of the existing dampefR|.@ damper is proposed, and this
is added in parallel with the output of th€ input filter and composed by a resisiy, an
inductorL4 and a capacito€, (See Fig. 8.4(a)). The impedance of tREC damper can
be expressed &c(S) = Ra+ slu + (1/5G), whose Bode plot is depicted in Fig. 8.4(b).
The characteristics &g c(S) are similar to those of a band-stop filter, whose stop-band is
(fy, f2): If f < f1, Zric(S) = 1/sCy; If | € [f1, T2, Zric(S) =Ry If T > f1, Zric(S) =
sly. Thus, theRLC damper only plays its damper function duriffg, f2], in whichRy is
equivalently added in parallel withy. Here,f; = 1/ (2rR4Cy) and f; = Ry/ (2711L4).

For the CPL and its inpulC filter, if their system does not have enough stability
GM, |Zyo(s)| will be intersected Witl‘iZiL/lo@M/zo) ‘ As Zgo(s) = sL¢/ (s’L+Ct + 1) and
Zi(s) = -2 /P,, the Bode plots 0Zq(s) andZj_ /106M/29 are depicted in Fig. 8.4(c).
As seen|Zy(s)| is intersected witl+ZiL/10<GM/2°)‘ at f_ and fy, where

1 R10GW20 [ C ]

fLio= —-0(}72 1442, | (8.15)
2w 2CVE s I (P,10GM/20)7 |
1 RL0GW20 [ C ]

fy = —-"diz 1444 L 11 (8.16)
2 2CVE s (polo(GM/ZO)) Ly
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Figure 8.4: TheRLCdamper: (a) structure; (b) characteristics; (c) designgipie.

SinceZos(S) = Zoo(S) || ZrLc(S) and according to the Figs. 8.4(b) and (c), if the system
GM is required to be realised with a minimum impact of RieCdamper, three basic design
principles of theRLC damper should be satisfied: (&) = ‘(Vbzus)/ [PoldGM/zo)} ‘; 2)
f1 = fLmin; () f2 = fumax Here, fLmin is the minimum value of, fymaxis the maximum
value of fymax. Following these design principles, the Bode ploZgf(s) is plotted with
dashed lines in Fig. 8.4(c)Zu4(S)| is only changed duringfy, fo] and always lower than

Zi /10CM/20)| tg ensure the system GM.

8.2.2 Parameters Selection of the ProposddLC Damper to Achieve
High Robustness against the Variations oL ; and C;

According to Section 8.2.1, the impedance characterisfitie RLC damper behave like
the band-stop filter shown in Fig. 8.4(b), whose stop-baridhisf,). As discussed above,
if the RLC damper wants to stabilise the whole system with a minimunaichpn theL.C
input filter, f; and f> should be equal td_mnin and fumayx respectively. However, according
to (8.15) and (8.16), botli and fy are affected by.+ andCs. In Figs. 8.5 (a) and (b),
the curves 0% VS % or Cc—ffR are presented respectively;r andCsg are the rated value
of Ly andCs respectively,f r is the value off_. underL¢gr andCsgr. f_ is monotonically
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decreased wheh; or C; increases. Similarly, the curves gﬂi VS

3
sz'
fHRl' : ;
o051 7153
Co/Crr
(d)

L Of o are also

LfR

presented in Figs. 8.5 (c) and (d) respectively, whgjigis the value offy underLfR and

Ctr. Itis shown thatfy is also monotonically decreased whenor Cs increases.

In practice, the value of  andCs are not constant, but vary according to different

operation conditions, such as working frequency and teatpes. It is assumed that the

value ofL; orC; varies betweend Ltr ~ B.Ltr) and @cCsr ~ BcCiR) respectively, then

by Fig. 8.5, the expression df nin and fymax can be derived as

1 P,10GM/20

fimpn = — —
mn 21 2BcCirRVZ 6
f 1 PR,106M/20
Hmax = — -
TR 21 2acCrRVE

[ C

14+4V3 AcCrr ~1| (817
i (P,10IGM/20)2 6 | g
[ C

1444 ac-rr +1|  (8.18)
i " (P,1018M/20))? g L ¢

Since fy = fimin and f2 = fumax by Fig. 8.4(b), (8.17) and (8.18), the parameters of

theRLC damper can be selected as

P.10(GM/20)
Ls = R4/ 072
20cCrrVE,,
P.10(GM/20)
Cs = 1/ R4°—2
ZBCCfRVbus

(
\/ 1+ 4Vbus(

ocCsr 11

P,10(GM/20) ) aLLtr

} (8.19)

BcCtr
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Figure 8.6: Bode plots df,4(s) whenL; or C; changes: (al.f : 0.9mH — 1.1mH, C; =
50uF; (b) L = 1mH, Cs : 45uF — 55uF.

whereRy = ‘Vbzus/ [PoldGM/zo)} ‘

In order to further verify the correctness of the robust design oRib@damper, (8.19)
and (8.20) are substituted in the examiplzinput filter in Table 8.2 to calculates, L4 and
C4 under the following assumptiona; = ac = 0.9; . = Bc = 1.1. It can then be obtained
that,Ry =115Q, L, = 1.9mH andC4 = 27uF. Based on the calculated parameters, the
Bode plots ofZy(s) with the variations oL or C; are depicted in Figs. 8.6(a) and (b),
respectively. It is shown that, whethef or C; vary within 0.9~ 1.1 of its rated value,
1Zoa(s)| is always lower tha+ZiL/10<GM/2°)) (GM = 6dB) to realise its damping function.
Therefore, the designd®RLCdamper indeed achieves high robustness against the variations
of Lt andCs.

8.2.3 The Impact of the Proposed®RLC damper on theLC Input Filter

According to (8.11)-(8.14), Table 8.1 and Table 8.2, the Bode plotZgf(s), 1/Zix(s),

Gux(s) andGix(s) of theLC input filter with the proposeBLC damper can be depicted and
presented in Fig. 8.3 as well. In contrast to the existing dampers, thougtidamper

has the same stabilisation function, it has better impact on all the transfer functions (e.qg.,
Zox(S),1/Zix(s), Gux(s) andGix(s)) of the LC inputfilter. Theimpactof the proposedRLC
damperon the LC input filter is recorded in Tab®3 as ' proposed dampeHere, it is
shown that, the proposé&lLC damper is superior to the existing dampers.

It is worth pointing out that although the proposetC damper can stabilise the cas-
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caded system with a better performance ofltBanput filter than the existing dampers, it
has two potential risks as a high order damper: 1)Rh€ damper increases the system
order, thus, if thRLC damper is not designed very well and fails to stabilise tlseaded
system, the system instability problem may became morewsefor the increased system
order; 2) theRLC damper needs more passive components, which may causeeptedile
power loss and volume to the cascaded system. To avoid th@ditesntial risk, theRLC
damper should strictly abide by the proposed design prhi@t¢pensure the cascaded sys-
tem is stable. To avoid the second potential risk,R€ damper can be virtually realised
by the control method proposed in the following section.

8.3 Virtual Implementation of the ProposedRLC Damper

As is well known, the adoption of passive damper can leadgnifstant power loss. In
order to avoid this problem, a control strategy is proposethis chapter to realise the

proposedRLC damper as a virtudLC (V RLC) damper.

8.3.1 Concept and Implementation of the/ RLCDamper

As shown in Fig. 8.4(a), as the propogedC damper must be added in parallel with output
port of theLC input filter, it can be realised by putting a virttRLC damper in parallel with
the input port of the CPL via control method to avoid addiibpower loss. This is the
initial inspiration for thev RLCdamper.

As shown in Fig. 8.7(a), the small-signal control block ofypital CPL is presented.
Its variables and transfer functions are described in TaldleObviously, one intuitive way
of realising thev RLCdamper is to introduce its admittancgezZk, (s) to the control block
of the CPL between its input voltagg,s and input currenty,s, as shown in the dark dot-
dashed lines in Fig. 8.7(a). However, this method cannottheeged by control directly,
and as a result the output of Zg| (s) is actually moved to the output voltage reference
and equivalently adjusts the transfer functiol®ig c(s), as represented by the dashed lines
in Fig. 8.7(a).

According to Fig. 8.7(a), ilGr.c(S) is required to realise the virtu&LC damper

181



A o T G R :
Phusm e >/ ZioS)— {‘
e Ly B
HGL()G ()G (5) i
 ASataaates Htaet V- ------ GRI/(,‘(S)

........ Yo
R
i Zuc(s) | .
R roeeeness ‘ P>V,
P
B
[H(s)]=
)]

"}bus * * =1/ZiOL(S) i

-------------- o + ~

| Virtual RLC
i damper

(b)
—20
~ 1
m 40 TN o
Z 60 o N
T8 7 h
& el \\
O-100F” S
-120
& 90’_., i TN
g X ! 1%
—_o0l—Grecl
9 90 Gﬁfig by ‘Tustin’ ~ /
. 180 ---Gree(z) by ‘Forward’ -
---Gpre(z) by ‘Backward’

100 10° 10" 10> 10° 10* 10°
f(Hz)

(©)
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Table 8.4: Variables and transfer functions of the CPL

Vius Perturbation of the bus voltage
i Perturbation of the load current
Iy Perturbation of the bus current
d Perturbation of the duty cycle
v Perturbation of the output voltage
v, Perturbation of the output voltage reference
Gd(s) Transfer function of the voltage regulator
Guds) Transfer function of the modulator
Zior(8) Open-loop input impedance
Gyd(s) Control to output voltage transfer function
Gids) Control to input current transfer function
Z,01($) Open-loop output impedance
Hy(s) Sampling coefficient of the output voltage
Gioi(s)| Open-loop load to input current transfer function
Gyor(s)| Open-loop input to output voltage transfer function

1/Zr c(9), the following relationship can be obtained:

1 1

ZRLC(S) = Vbus GRLC(S> : Gc(S) -Gm (S) - Gig (S) . TTV(S) (8.21)

\7bus'

whereT,(s) = Hs(S)Gc(S)Gm(S)Gyg(S) is the loop gain of the voltage closed loop of the
CPL.

According to (8.21), the expression Bk c(s) can be derived as:

1 1+Ty(s)
Zric(S) Ge(s) - Gig(s) - Gm(s)
Up to this point, Fig. 8.7(a) fully presents the concept @&\WRLCdamper and shows

(8.22)

GrLc(S)

the whole derivation process Gk c(S).

In practice, the/ RLC damper can be implemented by a digital control chip, such as
a Digital Signal Processor (DSP) or a Micro-controller UiNtCU). In Fig. 8.7(b), the
digital control based small signal model of the CPL with YhRLC damper is presented.
The digital control introduces two types of delay to the cohsystem: the computation
delay and the pulse width modulation (PWM) delay (Holmed.e2809). The computation
delay is one sampling period in the commonly used synchr@sampling scheme, which
can be modelled as s, The PWM delay is caused by the zero-order hold (ZOH) effect,
which can be expressed &(s) = (1— e ') /s~ Tee 0°TsS. Here, Ts is the sampling

time of the digital control system.
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According to Fig. 8.7(b), th# RLCdamper actually only addSg| ¢(S) to the original
control system of the CPL. Hence, realisi@g.c(S) is the key to realise thé¢ RLCdamper.
Since Backward Euler, Forward Euler and Tustin are threge#ypliscretization methods
in digital control, they are all utilised to conveBi| c(S) to Gr.c(2). In order to compare
their discretization effect clearly, the Bode plots®f.c(s) and GrLc(z) with different
discretization methods of a specific CPL are depicted in Big(c), where the example
CPL corresponds to the experimental system in Section 8gtoming to Fig. 8.7(c),
GrLc(2) with the Tustin discretization method is the closestGg c(s). Therefore, the
Tustin discretization method is selected to cong@&stc(S) to GrLc(2) in the final digital

control system of this chapter.

8.3.2 Effectiveness Evaluation of th& RLC Damper

Since the purpose of théRLCdamper is to mimic th&LCdamper by changing the control
block of theCPL, the actual effectiveness of teRLCdamper is evaluated carefully with
the comparison of thRLC damper in this section.

According to Fig. 8.7(b), the input impedance of the CPL itV RLCdamperZi\{ (s)

can be derived as

2t(8) = YEE:((:)) oo <Zi|-l<s)+ZVR?_-C<S)) l (829

where
20 oo T T (2o )] 2
Zyric(s) = (1+ Tvd(9)) /Tia (S) (8.25)
Tua(S) = (1/Ts) € *5Gn(s)Hs(S) Ge(S)Gm(S) Gua(S) (8.26)
Tia () = (1/Ts) € ®Gn(S)Gric(S)Gid (S)Gm(S) Ge(S) (8.27)

By (8.23), theV RLCdamper adds a virtual impedanggr c(s) in parallel withz;_(s)
to mimic Zr c(s) as shown in Fig. 8.8(a). Thus, if the effectiveness oMi.Cdamper is

to be evaluated, only one question need be answered: wlikthex(s) is equal taZr c(S)
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or not? As aresult, (8.22) is substituted by (8.25) Zpd.c(S) is re-written as

¢ 109 -

According to (8.28), ifTs = 0, ZyrLc(S) is equal toZg c(s); if Ts # 0, Zr.c(S) and
ZyrLc(S) will become different near the sampling frequency, and #ngdrTs, the bigger
the difference. In order to compafg c(s) andZyr.c(S) clearly, the Bode plots dr c(S)
andzyr.c(s) of a specific CPL are further depicted in Fig. 8.8(b), wheeedkample CPL
corresponds to the experimental system in Section 8.4. As,dbe curves oZr c(S)
and2yrLc(s) are indeed completely coincident wh&n= 0. And if Ts # 0, Zr c(s) and
ZyRrLc(S) only become different near sampling frequency and thefiedihce is bigger with
the increase ofs. The Bode plots in Fig. 8.8(b) support the accuracy of (8.28)

Therefore, the effectiveness of ti&RLCdamper is only affected by the time delay (or
sampling time) of the digital control system and the smdllee delay the better. In this
chapter, considerin@s cannot be smaller than the execution time of the programsi$
selected as the sampling time for the experimental systesyshAwn in Fig. 8.8(b), when
Ts = 10us, thoughzy r c(s) becomes difference withg| c(s) at high frequencies, it is the
same withZg| c(s) at other frequency range, especially in the damping frequenea of
theRLC damper. Therefore, for the experimental systemMR&Cdamper can mimic the
RLC damper very well.

In addition, in order to compare the impact of tReC andV RLC dampers on theC
input filter, the Bode plots dfox(S) ~ Gix(s) of theLC input filter with bothRLCandV RLC
dampers are also depicted in Fig. 8.9. It can be seen thaRid@itandV RLCdampers can
improve the performance of theC input filter, and that their impacts are almost the same.
It is worth pointing out that, in order to compare the impalcth@ proposed dampers and
the existing dampers on the& input filter, the Bode plots in Fig. 8.9 are also presented in
Fig. 8.3, which clearly shows that boRLC andV RLCdampers have a better impact than
the existing dampers on the input filter. In addition, bottRLC andV RLC dampers are
referred to as 'proposed damper’, and their impact orL.éput filter are also recorded

as 'proposed damper’ in Table 8.3.
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8.3.3 The Impact of theV RLC Damper on the CPL

The performance of the CPL can be fully evaluated by a twa+petwork with four typical
transfer functions (Arnedo, 2008): the closed-loop inpytédancé;_ (s), the closed-loop
output impedancé&, (s), the closed-loop load to input current transfer funct@®n(s)
and the closed-loop input to output voltage transfer fumc@, (s). Therefore, in order
to evaluate the impact of théRLC damper on the CPL in a clear way, the Bode plots of
Zj (s) ~ ZoL(s) of a specific CPL with/without th&# RLCdamper are depicted in Fig. 8.10.
In Fig. 8.10, the example CPL corresponds to the experirhspséem in Section 8.4.
Other than addin@vric(S) in parallel withZ (s) to mimic the function of the&Zg| (),
theV RLC damper keeps most of the other performances of the origiRal Cherefore,

theV RLCdamper is also acceptable in practice.

8.4 Experimental Verification

In this chapter, experimental results from a 100 W cascaygsigis that consists of leC
input filter and a 48 V / 24 V digital controlled (sampling fregncy is 100 kHz) Buck
converter, are shown to validate thdgRLC damper. The main circuit and parameters of
the cascaded system are presented in Fig. 8.11(a), whizlsladsvs the parameters of the
VRLCdamperR; =11.5Q, Ly = 1.9mH, C4 = 27uF. When there is no dampers utilised
in this system, the steady-state experimental waveformeted load and input voltage are
given in Fig. 8.11(b). This system is unstable without anydars.

In Fig. 8.12, the full load experimental results are givenhaf cascaded system with
different dampers when the input voltage changing from 8@%d voltage (38.4 V) to
100% rated voltage (48 V), wherg, Vy,s i1 andv, are defined in Fig. 8.11,,sandv, are
their ac components. Three conclusions can be obtainedRgn8.12. Firstly, though the
cascaded system is unstable without dampers, it can bdéistdldy the existing dampers
or theVRLC damper. Thus, both the existing dampers andwiRL.C damper have the
same stabilisation function. Secondly, with these dampleescascaded system works well
during input voltage changing. Thirdly, a distinctly bettlynamic performance from the
LC input filter is obtained by the RLCdamper than by the existing stabilisation dampers.

The dynamic performances of th€ input filter with different dampers are presented and

187



10 100 10° 10" 10°
f(Hz)

(@)

:750/\

~ 180

= %0 \’
3 0

N

S 90

10°

10 10°

—_
o

10°
f(Hz)
(b)

S ds

Gir| (dB)

|
Nolo-Nolo NUS RS o)
—_0 O O OO OO

el

—_—

@ (Gir) (°)

—
xR O

10? 10° 10°

10°
f(Hz)

(c)

S-
~180
10 10 10° 10" 10°
f(Hz)
(d)

Figure 8.10: Impact of th¢ RLCdamper on the CPL: (& (s); (b) ZoL(S); (c) GiL(S); (d)
GvL(S) .

188



L ¢ o Lfl(400,uH)

lin —T_+‘ e 8 lL1 _L+
gv_ Cf Vbus; LR i U /N
vl T PR 1, Ci cﬂ(lsoﬂF)T 6. 76Q)
i LC input filter: i VRLC damper F | - @san;plem v
...................................................... : R
48V / 24V / 100W S
Li | G | Ry Ly Cy i ey 1
Value[lmH|504F(11.5Q/1.9mH|27 uF és\x,imhmgkﬁeqm N Contol
i 50 kHz Systom |:

SRR i [
Jnns SDD.DDDJJS][LIne S0y 5003?4Hzl_5544 |

(b)

Figure 8.11: The experimental system: (a) main circuit; fi@ady state experimental
waveforms at rated conditions without any dampers.
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further compared in Fig. 8.13, whegg, andt,, are the overshoot and regulation time;pf
respectively, anay,,, andty,  are the overshoot and regulation timevgfs respectively.

It is further shown that when the input voltage changes, shanhic indicators of th&C
input filter withV RLCdamper are superior to those of the existing stabilisateonkers. It
is also worth mentioning that, for a fair comparison, in giperiment the existing dampers
are all realised by passive components as reported in tganariiterature (Erickson and
Maksimov, 2001; Cespedes et al., 2011).

Similarly, when the output power is changed from 10 W to 100 Wder rated input
voltage, the experimental results of the cascaded systdrthardynamic indicators of the
LC input filter with different dampers are given in Figs. 8.14@&115, respectively. Again,
it has been verified that when the load changesMR&C damper has a better dynamic
impact on thd_C input filter than the existing dampers.

The efficiency curves of the experimental system with déferdampers vs output
power and input voltage are measured and plotted in Fig6(&8)..and (b), respectively.
It is shown that, with th&/ RLC damper, the system efficiency is clearly improved. This
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Figure 8.12: Experimental waveforms with different dangpehen system input voltage
changed from 80% to 100% rated voltage at full load: (a) WiRLCdamper; (b) witlRC
parallel damper; (c) witlRL parallel damper; (d) witliRL series damper.
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Figure 8.14: Experimental waveforms with different dangp@hen system output power
changed from 10 W to 100 W at rated input voltage: (a) MRLC damper; (b) withRC
parallel damper; (c) witlRL parallel damper; (d) witlRL series damper.
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Figure 8.16: System efficiency curves with different darspéa) efficiency vg, at rated
Vin; (b) efficiency vsvj, at ratedp,.

phenomenon can be explained as follows: WRLC damper is realised by the control
method, but the existing dampers depend on passive comizoniems the/ RLC damper
avoids the power loss of the damper.

Therefore, according to Fig. 8.12Fig. 8.16, the/ RLCdamper can not only stabilise
the whole system, but also have a better impact on the pesfuzenof theLC input filter

and improve the system efficiency compared with existingpns

8.5 Summary

The impact of the existing dampers (e.RC parallel damperRL parallel damper and
RL series damper) on theC input filter has been, firstly, analysed using the two-port
network model described in this chapter. It was found thtdttoaigh the above dampers
could solve the instability problem of the CPL with it€ input filter, they degraded the
performance of the origindlC input filter to some extent. In order to overcome this, a
RLCdamper is proposed here. With this damper, the whole systarbe stabilised whilst
improving the performance of tHeC input filter. In addition, theRLC damper is robustly

resists the parameter variations of th€ input filter. In order to avoid the power loss
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caused by passive components, the prop&dgdidamper is further virtually implemented
by control. This indicates that théRLCdamper not only has the same effectiveness as the
RLCdamper, but also improves the efficiency of the whole systampared to the existing
dampers. Finally, thg RLCdamper has been experimentally verified in a 100 W cascaded

system.
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Chapter 9

Conclusions and Future Work

This chapter summarises the work of the whole thesis andluwdes with some valuable

recommendations for future work.

9.1 Conclusions

In this thesis, existing stabilisation methods for the eded system have been reviewed. It
is highlighted that although these stabilisation metha@isstabilise the cascaded system,
they have unavoidable drawbacks, e.g., they do not havegérioad stabilisation methods,
they require all the information on the cascaded systemy,dagrade the original perform-
ance of the cascaded system, and so on. In order to overcesedhawbacks, a family of
software-based stabilisation methods has been proposthshinesis.

Firstly, a set of virtual-impedance-based control strigggamed PVI and SVI control
strategies, are proposed. The PVI or SVI control strategyeots a virtual impedance
in parallel or series with the input impedance of the loadveoter so that the magnitude
or phase of the load input impedance is modified in a very sfremuency range. As a
result, with the PVI or SVI control strategy, the cascadesteay can be stabilised with
minimal load compromise. Therefore, both the PVI and SVitarstrategies can not only
be treated as developments of, and complements to the labitistion methods, but can
also be treated as good solutions to overcome the conti@diottween the stability and
performance of the cascaded system.

Based on the PVI and SVI control strategies, adaptive-PVA\(A and adaptive- SVI

(ASVI) control strategies are further proposed to incogberthe adaptive function. With
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the APVI or ASVI control strategy, the load converter can tabky connected to different
source converters without changing their internal stmectun this thesis, the APVI and
ASVI control strategies are also carefully compared. Itasnid that the ASVI control
strategy can transform the cascaded system into an unmoradistable system without any
limitations, but the APVI control strategy cannot. As a flgghe ASVI control strategy is
superior to the APVI control strategy.

Though the ASVI control strategy is thus far the most contpetioad stabilisation
method, it is not perfect. As the ASVI control strategy sgs a Pl controller to find
the centre frequency of the ASVI, this PI controller may ntiss right frequency with
excessive proportional or integral coefficients and cabsefdilure of the ASVI control
strategy. Although this problem may not arise with smallgandional and integral coef-
ficients, it is a hidden problem for the ASVI control stratedp make the ASVI control
strategy more reliable, a MRPT controller is proposed tdaepthe original Pl control-
ler. With the MRPT controller, the ASVI control strategy chnd the centre frequency
of the ASVI without encountering the problem. Furthermareorder to find the centre
frequency of ASVI quickly, the STA is further introducedarthe MRPT controller to im-
prove its processing speed. Therefore, the improved MRRTralter makes the improved
ASVI control strategy more competitive.

In addition, stabilising the cascaded system is always mflicd with maintaining
the original performance of the cascaded system. Thougipttygosed PVI/SVI and
APVI/ASVI control strategies have already minimised theipact on the cascaded sys-
tem in a very small frequency range, the rest of their impaneigative. In order to resolve
this, a SSVI control strategy and\eRLC damper are proposed in this thesis. With the
SSVI control strategy, the cascaded system can be stabiigh a better dynamic per-
formance of the source converter. Similarly, 'WRLC damper can stabilise the cascaded
system while improving the performance of the input filteneefore, both the SSVI con-
trol strategy and th& RLC damper overcome the contradiction between the stability an
performance of the cascaded system perfectly. In addgione the SSVI control strategy
stabilises the system by changing the control block of thecconverter, it is not only
suitable for the cascaded system with one upstream conarteone downstream con-

verter, but also for the distributed power system with npldtupstream converters and one
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downstream converter.
Therefore, the stabilisation methods proposed in thisshmsercome all of the draw-
backs of the existing solutions. As a consequence, it iebedi that these stabilisation

methods will become increasingly popular in the near future

9.2 Future Work

In order to further stabilise the cascaded system, theneasific research that should be

conducted in the future.

1. Applying the PVI/SVI/APVI/ASVI control strategies intihe AC/DC rectifier and
DC/AC inverter: in this thesis, the PVI/SVI/APVI/ASVI comt strategies are only
proposed to change the input impedance of the DC/DC comveHewever, the
cascaded system still has other types of load convertass,asIAC/DC rectifier and
DCJ/AC inverter. Therefore, they also need the above impesglaontrol methods if
the system is unstable. Considering the essence of the PNABVI/ASVI control
strategies is adding a special virtual impedance in paratlseries with the input
port of the load converter to shape the load input impeddutere research efforts
should focus on how realising these virtual impedances erAtVDC rectifier and
DC/AC inverter.

2. Applying the SSVI control strategy to the AC/DC rectifiém:this thesis, the SSVI
control strategy is proposed to shape the output impedartbe ®C/DC converter.
However, the cascaded system may sometimes use the AC/iMierexs the source
converter. Therefore, it is preferable to realise the SSMitml strategy on the
AC/DC rectifier. Considering the essence of the SSVI comstrategy is adding a vir-
tual impedance in the series with the output port of the soaanverter to shape the
source output impedance, methods of realising this viitmpedance on the AC/DC

rectifier can be considered by future research work.

3. Needing to reduce the program execution time of the prxgbasabilisation meth-
ods. With the development of the new semiconductor deviaged) as Gallium Ni-
tride (GaN) and Silicon Carbide (SiC) switches, their shig frequency can be

199



greatly increased, which is the benefit of the new semicaiodaevices. However,
for power converters, switching frequency is also limitgdtive program execution
time of their control methods. Therefore, if the programaesen time of the pro-

posed stabilisation methods is too great, it will limit thansemiconductor devices

application in power converters.

. Developing stabilisation methods for the three-phasecAstaded system: in this
thesis, the cascaded system refers to the cascaded DC/@€rorsystem. How-
ever, if the cascaded system is a three-phase AC cascadethgys., its intermedi-
ate bus voltage is a three-phase AC voltage), the stabiiigria and the impedance
requirement of the source or load converters will be entidéferent. Therefore, it
is better to develop the stabilisation methods for the tipieese AC cascaded system

which can also be included in the future work program.
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Appendix A

Fundamental Concepts of Constant
Power Load (CPL) — Negative Resistor
Characteristic

First, with regard to any closed-loop converter, as its lstijyes to maintain a constant
output voltage or current, it also tries to maintain a camstaitput poweP,; to a particular
load. From this point of view, any closed-loop converter barreated as a constant power
load (CPL).

If an ammeter is then inserted into a series with the CPL, hadnput line modulated,
one will find that as its input voltag€, grows, its input current;, diminishes, which
strives to keef,; constant. Therefore, from this input side, the CPL looks Bknegative
resistor, which can also be explained as follows.

Where the CPL is assumed to have 100% efficiency, its behawéube described via

a few lines of algebra:

PII’] = IDout = IinVin = IoutVout (A-l)

where, Ry, lin andVj, are the input power, input current and input voltage of thé. CP
respectively.Pout, lout andVoy: are the output power, output current and output voltage of
the CPL respectively.

Then, the inverse of the DC transfer ratipcan be obtained by rearranging (A.1):

Vin lout
_nho_ ot A.2
Vout Iin H ( )
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The static input resistance of the CPL can simply be caledl&bm

_ Vin

Rn = 1 (A-3)
n
The incremental resistance can be expressed as
d\V
Rinc = —m (A-4)
dlm

This expression represents the way this resistance motepeariturbations. Via simple

manipulations, the incremental resistance can be foreedidlat

Vin=— (A-S)

Pn = Pout = Rngut (A.6)

where,R_ can represent another switching regulator, a simple mes@ta linear regulator.
Plugging (A.6) into (A.5) and deriving as (A.4) suggestddgie

dVin _ d Rldy
= A7
dIin dIin lin ( )
Igut 2
Rinc = _RLI_Z =—-Ru (A.8)
in
(A.8) can then be reformulated as

V, V2 V2

Rinc:—LUtHz:—LUtHz:—i (A.9)

lout Pout Pout
Therefore, if a converter operates as a CPL, its input impegl@ehaves as a negative
resistor. Please keep in mind that, the DC/DC converter antg as a CPL and has a
negative input impedance within the cut-off frequency efdlosed loop. In other words,
if the same converter operated in open-loop or at higheureqy band, it would lose its

negative input impedance.
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