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Abstract 

 

he Pseudo Direct Drive PDD is a Permanent Magnet Machine that has an 

incorporated magnetic gearbox. This combination can achieve high torque 

density and alleviate problems related to mechanical gearboxes. However, 

the torque transmitted to the load through a low stiffness magnetic gear, can 

cause speed and position oscillations in the output which are not desirable for most 

applications. Further they compromise the speed and position control quality of the 

PDD and payload and may also excite undesirable resonance modes in the system 

leading to poor responses. The research described in the thesis address the issues 

associated with PDD control and operation by developing advanced control techniques 

to dampen the oscillations, maximise the performance and prevent uncontrollable slip 

between the two rotors of a PDD. Unlike a conventional PM brushless machine which is 

usually equipped with one sensor mounted on its shaft for both electronic commutation 

and speed or position control, a PDD has two shafts inter-connected by magnetic 

gearing force. The nonlinear coupling characteristics of the magnetic gear add more 

complexity to the PDD dynamics if it is to be operated with one sensor. A proposed 

technique to operate the PDD with a combination of a single sensor and an observer is 

realised in real-time. In addition the PDD has a unique characteristic that, when 

subjected to a load torque greater than its pull-torque, its two rotors harmlessly slip. 

However, the control performance may be affected if the slip is not detected and 

appropriate control action is taken. A novel technique has been developed to allow the 

PDD to operate under these conditions while full control is maintained. This thesis 

performs a comprehensive study on the control issues surrounding the PDD, and 

proposes solutions validated by experimental resulted obtained from a prototype PDD 

test rig. 
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Chapter 1 

1. INTRODUCTION AND LITERATURE REVIEW 

1.1 Background 

Electrical machines have been around for a long time, and they have been the work 

horse for many industries, as they convert electrical energy to mechanical when 

motoring or mechanical energy to electrical for what is known as generating. 

Since 1832, when the first electrical machine was invented by William Sturgeon, 

many topologies have been proposed, and there have been significant improvements, in 

the design and analysis techniques, which were boosted by the more recent 

developments in computing and the adoption of numerical methods such as finite 

element analysis. Furthermore, advances in power electronics and control theory, paved 

the way for the introduction of relatively new topologies, such as switched reluctance 

and brushless permanent magnet machines, resulting in significant improvements in 

torque and power densities. One of the latest developments in machine technology is the 

Pseudo Direct Drive (PDD); which consists of a magnetically and mechanically 

integrated magnetic gear and brushless permanent magnet machine, and can achieve a 

torque density at least twice that of the state-of-the-art radial field permanent magnet 

brushless machine.           

1.1.1. Induction Machines (IMs) 

  Are the workhorse of industry due to their simple operation as they can be supplied 

directly from an AC supply. IM with squirrel cage are well known for their rugged 

construction and economical cost, and they have good dynamic performance when 

controlled by vector control or direct torque control [1]. 

With an inverter fed machine, both a high starting torque and low starting current can 

be achieved, since the supply voltage and frequency are variable. The pull-out torque of 

an IM is inversely proportional to the square of the supply frequency.   
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1.1.2. Switch Reluctance Machines (SRMs) 

 Torque is produced as a result of the variable reluctance in the air gap between the 

rotor and the stator. When the stator winding is energized reluctance torque is produced 

by the tendency of the rotor to move to its minimum reluctance position.  

Their features and design are documented in [1] [2] and could be summarized as follows 

 SRMs have no magnets or windings on the rotor. 

 They are simple, robust, and good for high speed and high temperature 

environment. 

 They exhibit high speed and constant power capabilities. 

 They are relatively cheaper than other machine topologies such as permanent 

magnet machines. 

However, there are a few disadvantages 

 They can have significant rotor iron loss. 

 They require small air gap and require tight manufacturing tolerance. 

 Saturation of the magnetic circuits affects peak torque capabilities. 

 They have large torque ripple, and undesirable noise/vibration characteristics 

Smooth low speed operation requires accurate speed measurement and complex 

current waveform profiling. 

1.1.3. Permanent Magnet Machines (PMMs) 

 Are well known for their efficiency, high power density, reliability and heat 

dissipation [3]. From a control point of view they are classified as brushless AC 

(BLAC) with sinusoidal back EMF or brushless DC (BLDC) trapezoidal back EMF. 

In the BLAC mode the torque density is maximised and the torque pulsation is 

minimised. In order to achieve this, the current waveform has to be controlled precisely; 

hence a resolver or an encoder is required for electronic commutation. 

In the BLDC mode a rectangular current is required for best torque production, 

therefore only 60 degree commutation is required and that could be achieved using low 

cost Hall sensors. 

Various design methods may be adopted to obtain a sinusoidal back EMF waveform 

for BLAC. The stator windings may be distributed, stator slot or rotor magnet may be 
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skewed, or rotor magnet could be appropriately shaped [1]. 

It has been shown in [4] that the permanent magnet machine is the best topology 

available to develop a PDD with high torque transmission capabilities and power factor, 

as will be seen various concepts and optimization methods have been employed on 

various machines to achieve high torque density machines using direct drives.  

1.2. Direct Drive and High Torque Density Machines 

High torque low speed machines have increasingly been used in wind turbines, ship 

propulsion systems and traction applications. Various designs and concepts had been 

used to achieve the required torque and speed; a more appropriate characteristic of 

comparing the performance of machine technologies especially for low speed 

applications is torque density [5]. A permanent magnet synchronous machine can 

normally achieve higher power factor, higher torque density and higher efficiency than 

any other machine topologies. A liquid cooled PM machine can achieve continuous 

torque density in excess of 30kNm/m3. Vernier and Transverse flux PM machines 

[6],[7],[8] may exhibit higher torque densities at the expense of an inherently low power 

factors. Indeed, the power factor for TFM may not exceed 0.5 resulting in very large 

converter VA ratings and requiring significant converter overhead. 

High speed low torque machines are known for their smaller size, if integrated with a 

mechanical gearbox the speed can be reduced while torque is increased resulting in high 

torque low speed output. Therefore, a high speed machine can be combined with a 

gearbox which could be mechanical or magnetic, to achieve low speed high torque 

requirements. 

1.3. Mechanical Gears 

Mechanical gears existed for a long time; they have been used in various systems, 

from a watch mechanism to traction drive system. Figure 1.1 shows the basic operation 

concept of a mechanical gear where a gear meshes with another gear to produce a 

gearing mechanism that can change the speed, torque, and direction of a power source. 

The output power from a machine depend on the speed torque relation as described in 

(1.1) 

ܲ ൌ ߬߱ 1.1 
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where ܲ is the power in watts (W), ߬ is torque in Newton-meters (N.m) and ω is 

angular velocity in rad/s. Constant power could be maintained if torque and speed are 

varied with one of the following combinations, low speed high torque or high speed low 

torque, considering the simplified linear relation between the torque and current in (1.2)      

߬ ൌ ݇. ݅ 1.2 

  

 

Figure 1.1: Single stage helical gear [9] 

However, mechanical gearboxes require continuous maintenance, lubrication and 

they can be noisy and unreliable. 

1.4. Magnetic Gears 

Magnetic gears existed as early as 1913, with the concept of torque transmission 

using ferrite patented in 1940. However, the low torque density limited their popularity. 

It was only in the eighties when high energy permanent magnet had been introduced 

which allowed for higher torque transmission capabilities.  

The Non Contacting Magnetic Gears (NCMGs) have a number of advantages over 

the mechanical gears; the most obvious one is contact-less torque transmission which 

alleviates problems associated with mechanical gearboxes, such as acoustic noise, 

mechanical vibrations, the need for lubrication, maintenance and reliability issues. A 

most important attribute of the magnetic gear is non-destructive, as under overload 
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torque the gear slips without causing any damage. 

Previous attempts to construct magnetic gear were based on the existing mechanical 

gears, where the meshing teeth were substituted by magnets. This topology has proved 

very inefficient and expensive, since the permanent magnets transmit torque 

individually one at a time.      

 

a) External magnetic gear 

 

b) Internal magnetic gear 

 

c) Perpendicular magnetic gear 

Figure 1.2: Early permanent magnet gear [9] 
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Atallah published his innovative high-performance magnetic gear in [10]. It has high 

torque transmission capabilities and can achieve torque density in excess of 100 

kN.m/m3. The proposed topology consists of three rings, two of these have rare earth 

magnet arranged in alternating north south pattern. The middle ring consists of 

ferromagnetic pole-pieces which alter the magnetic field between the inner and outer 

magnet rings segments, it is held within a mechanical structure and typically connected 

to the low-speed rotor. The inner ring consists of a low number of magnets; this will be 

connected to the high-speed rotor driven by the primary mover or motor. The outer ring 

consisting of a high number of magnets is held stationary, as shown in Figure 1.3 and 

Figure 1.4.  

The gear ratio is obtained by 

ܰ ൌ
݊௦
௛݌

 1.3 

where ܰ is the gear ratio, ݌௛ is the number of pole-pairs of the high-speed rotor or inner 

ring and ݊௦ is the number of ferromagnetic pole-pieces of the middle ring. 

Another configuration where the middle ring pole-pieces is held stationary, while the 

outer ring with high number of pole-pair is free to rotate will result in a gear ratio given 

by    

ܰ ൌ
௛݌ െ ݊௦
௛݌

 1.4 

 

Figure 1.3: 3D view of the modern magnetic gear 
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Figure 1.4: Schematic of the modern magnetic gear. 

 

 
 
Figure 1.5: Demonstration prototype magnetic gear with -2.25:1 gear ratio developed 

by Atallah. 
 

1.5. The Pseudo Direct Drive (PDD) 

There are various ways of combining a magnetic gear with an electric machine. The 

simplest way is to mechanically connect the output shaft of the electrical machine to the 

input shaft of the magnetic gearbox. 

The PDD is achieved by combining a PM machine with magnetic gear both 

mechanically and magnetically, this has been developed by Atallah and published in 

2008 [4]. The mechanical integration consists of enclosing the low pole-pair permanent 

Outer ring high number PM pole-pairs 

Middle ring ferromagnetic pole-pieces 

Inner ring low number PM pole-pairs 
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magnet rotor inside a ferromagnetic pole-piece rotor where the inner rotor is supported 

by bearings, an array of high pole-pair permanent magnet is attached to the stator bore 

for field modulation; these are the main components that form a pseudo direct drive as 

shown in Figure 1.6 and with more details in Figure 3.1 and Figure 3.2. This structure 

offers a compact machine in one package, capable of high torque transmission, easy to 

maintain and transport.  

The PDD can achieve torque densities in excess of 60kNm/m3 [4] for medium to 

small size. For lager PDD’s torque density of 110kNm/m3 can be easily reached, as has 

been reported in [5], with low cogging torque, naturally air cooled and power factor 

above 0.9. 

 
 

 
Figure 1.6: Novel design of pseudo direct drive PDD. 

Stationary PM 
pole-pairs 

Ferromagnetic 
pole-pieces rotor 

LSR 

Stator windings 

PM pole-pairs 

HSR 
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For the PDD shown in Figure 1.6, Figure 1.7 shows the radial flux density waveform 

due to the ݌௛ ൌ 2 pole-pair high-speed permanent magnet rotor in the airgap adjacent to 

the stationary permanent magnets. Figure 1.8 shows the associated harmonic spectra. It 

can be seen that the introduction of the ݊௦ ൌ 23 ferromagnetic pole-pieces results in a 

21 pole-pair space harmonic field which interacts with the ݌௟ ൌ 21 pole-pair stationary 

permanent magnets to transmit torque from the high-speed rotor (HSR) to the low-speed 

rotor (LSR). The two pole-pair fundamental component interacts with the stator winding 

to produce electromagnetic torque. The gear ratio between the HSR and the LSR 

is  ܩ௥ ൌ
௡ೞ
௣೓
ൌ 11.5. 

 

 

Figure 1.7: Radial flux density waveforms due to permanent magnets on HSR in 
airgap adjacent to stationary permanent magnets [4]. 

 

Figure 1.8: Harmonic spectra of radial flux density waveforms due to permanent 
magnets on HSR in airgap adjacent to stationary permanent magnets[4]. 
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In addition, overload protection is a significant advantage of PDDs. When subjected 

to a load torque which is greater than the pull-out torque it slips without causing any 

damage to the machine or drive train. This particular feature acts like over torque fuse 

that prevent damage to the drive train under overload condition. 

Furthermore, the PDD could be controlled using existing control techniques 

employed for BLAC machine, therefore it is essential to identify the best control 

scheme available in the literature to achieve good performance, simplicity and ease of 

implementation.    

1.6. Control of Machines 

The past domination of BLDC machines has seen an increase in competition from 

the BLAC machines. That was due to the advances in power switching devices, signal 

processing and improved controllers [11]. Thus, it is possible now to benefit from the 

advantages that BLAC offers, including robustness, compactness, economy and low 

maintenance. Hence, fast torque response that is required by today’s application could 

be achieved. 

The control of variable frequency AC machines can be achieved with the following 

 Field oriented control (FOC) or vector control. 

 Direct torque control (DTC) 

 Scalar control. 

 
1.6.1. Field Oriented Control 

The stator phase current of the three phases AC machine are measured and converted 

into a corresponding complex space vector. The space vector is transformed from three 

phase to two phase coordinate (݀ and ݍ co-ordinates) which rotate with the rotor of the 

machine. Thus accurate instantaneous rotor position is required for the commutation. 

The most popular types of sensors used for PM BLAC machines are encoders and 

resolvers. 

The ݀ݍ projections lead to a structure similar to the one in DC machines. The torque 

component aligns with the ݍ-axis, the flux component aligns with the ݀ axis. By 

maintaining the amplitude of the flux at a constant value, a linear relationship between 
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the torque and the control variable is achieved by 

௘ܶ ן ߰. ݅ 1.5 

PI controllers are used to control the ݀ and ݍ currents to their reference value, if no 

flux weakening is required ݅ௗ is set to zero to keep the flux at it maximum. Due to the 

cross coupling between the d and q axis currents a decoupling term is further added to 

the controller output to improve control performance. The d- and q-axis voltages ݒௗand 

 .௤ must be limited to the supply voltage for pulse width modulation (PWM)ݒ

 

1.6.2. Direct Torque Control 

Direct torque control (DTC) employs the vector relationships, but replaces the 

current controller with a form of a bang-bang action [11]. It estimates the motor’s 

magnetic flux and torque based on the measured voltage and current of the motor. The 

flux is estimated by integrating the stator voltage, where the torque is estimated by cross 

product of the estimated flux and the measured current. The two estimates are compared 

with reference values. If the error deviates from the reference more than the allowed 

tolerance, the variable frequency drive turns its transistors on and off until the flux and 

torque are within the tolerance band. Various types of DTC include: switching table 

based, direct self-control, space vector modulation and constant switching frequency 

[11]. 

DTC has the following features compared to standard vector control. 

 No current controller. 

 No need for the coordinate transformation. 

 No separate voltage PWM 

 Requires an estimator for the flux and torque. 

 
1.6.3. Scalar Control 

Scalar control design is based on a good steady state response but the transient 

response may not be as desirable. However, this type of control relies on magnitude and 

frequency. 

By controlling the terminal voltage magnitude to be proportional to the frequency, a 

near constant stator flux is produced, which is desirable to maximise the capability of 
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the motor. Scalar control is often used in open loop for induction machines, apart from 

some applications such as fault detection and monitoring where it is used in a closed 

loop [11]. 

1.7. Control of Compliant Mechanical Coupling Systems 

 
The two rotors of a PDD linked by the magnetic gearing action with finite stiffness 

resemble, to some extent, a two inertia system. Control of two inertia systems have been 

widely studied in the literature, where the interconnecting masses through a gear box or 

flexible shaft could be approximated by two masses joined by a spring with finite 

stiffness. Applying a step load to resist a rotational load can momentarily reduce the 

speed of the load where the speed controller will compensate for the increased load 

torque. With infinitely stiff shaft, the speed deflection at the load side would translate 

perfectly to the motor side. In practice a shaft with finite stiffness can be twisted by the 

load torque effect causing a delay in the load torque traveling along the shaft [12]. The 

elasticity of the system can trigger unwanted oscillatory torque also known as torsional 

oscillation as shown in Figure 1.9. The flexible interconnecting shaft can also cause 

speed and position difference between the primary and secondary mover during 

transient in a phenomenon described as the stiffness problem [13]. Further consequence 

of this problem is the augmentation of the system order in order to provide more 

measurement to improve the quality of the response. However, the additional sensor on 

the load side is not a desirable solution, due to the increase in the cost and impracticality 

for installation. In addition, the motor side can excite mechanical resonance when a high 

bandwidth controller is used while the high rate of torque transmission can result in 

torsional oscillation in the load. Furthermore, using the load side for feedback will 

encapsulate resonant mode of the mechanical system within the closed loop system, this 

can reduce the range of the stable closed loop gains and system responsiveness [14]. It 

has become a common practice to control two inertias system using only one sensor on 

the motor side, while a range of speed control techniques had been adopted starting 

from lead-lag compensators in the form of PID controller, speed derivative 

compensation (SDC), simulator following control (SFC), resonance ratio control (RRC) 

which utilizes disturbance observer to change the ratio of the resonance and the anti-

resonance frequencies of the system by feeding back part of the estimated spring torque. 

State feedback and load acceleration control (SFLAC) which uses a reduced order 
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(Luenberger observer) to estimate the unknown states and the disturbance have also 

been reported. However, there is no systematic way for tuning all the parameters of 

these controllers [15],[16]. Zhang and Furusho [17] and Harnefors recently published 

work in [18] have developed a systematic design method applicable to PI speed 

controller. The design is based on pole assignment using damping coefficient and 

bandwidth.  

High performance speed control of compliant coupling can be classified into three 

categories based on the feedback employed. 

 Speed measurement of both load and motor sides. 

 Vibration suppression strategies based on conventional speed control structure 

with notch filtering and phase lead compensation.  

 Motor side measurements from a single sensor and estimate the unmeasured 

states using an observer [14].   

The servo control of compliant mechanical coupling had been studied in [19],[17] 

and recently in [20]. It was shown that the MOI ratio between the load and motor 

directly affects the performance of the servo control system in suppressing resonance 

oscillations in the load. A torque transducer is introduced between the motor and load in 

[21] and [22] and the torque feedback together with IP speed control are used to 

improve the system damping.  In addition to the above techniques there are other 

methods based on fuzzy logic [23],[24],[25], neural network [26],[27], sliding mode 

[28],[29], Kalman filter [30],[31],[32] and forced dynamic control [16],[33] and load 

torque disturbance observer [34].  

 

 

 

Figure 1.9: Torsional oscillation between coupled MOIs [21]. 
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1.8. Control of Non-Compliant Magnetic Coupling Systems 

 

A drive train composed of a motor and load connected through a compliant 1:1 

magnetic coupling, where the MOI ratio between the motor and the load is close to 

unity has been demonstrated in [35],[36]. Since the magnetic gear is far more flexible 

than the classical conventional mechanical coupling with medium torsional stiffness, 

oscillations appear on the load side if conventional control is used. It has been shown 

that an integral and proportional (IP) controller tuned against a 4th order optimal integral 

of time multiplied by absolute error (ITAE) polynomial can have good oscillation 

rejection characteristics in comparison to the classic PI tuning. However, the magnetic 

coupling presented in [36] exhibits damping torque caused by the eddy currents 

generated in the solid back-irons, this damping helps in reducing speed oscillations in 

the output.  

1.9. Control of Pseudo Direct Drive 

 
The unique structure of a PDD made of two rotors coupled by magnetic gearing 

force, exhibits relatively low and non-linear stiffness and very little damping. These 

characteristics can excite torsional resonance with far more intensity than the compliant 

mechanical couplings. Therefore, the control design for the compliant couplings is 

concerned with systems that have very small torsional displacement, relatively large 

stiffness and linear torque-displacement characteristics. These methods may not be 

suitable to design a controller for the PDD. On the other hand the control of magnetic 

coupling, as has been briefly described in Section 1.8 has achieved good performance. 

However, this was helped by the extra damping provided from the magnetic coupling’s 

mechanical construction. The PDD mechanical structure offers less damping, because in 

order to maximise efficiency, it is manufactured using laminated electrical steel, and 

therefore, eddy current losses are minimised. In addition to the low stiffness coupling, 

the gearing has significant effect on the MOI ratio between the HSR and the LSR, 

which also affect the control and increase sensitivity to torsional oscillations. Hence, the 

controller structure and design presented for the compliant 1:1 magnetic coupling 

cannot provide sufficient damping for the PDD operation. This can be demonstrated by 
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applying the IP control structure on the PDD as will be seen in Chapters 3 and 6. 

The first study to highlight the control of a PDD has been reported by Wang and 

Atallah in [37], based on a simulation study. PI and state feedback (SFBK) controllers 

have been implemented to control the speed of a PDD when it is subjected to load 

torque equivalent to a third of its rated torque. It has been reported that speed 

oscillations have been observed in the PDD output in transient or under load condition 

with the PI speed controller. Furthermore, the SFBK controller has shown improved 

response and a considerable reduction in the speed oscillations. Although, the 

performance has been improved compared to the PI controller, oscillations still persist 

in the output. More optimisation and tuning are required to ensure performance is 

improved and oscillations are removed. 

1.10. Genetic Algorithm 

 

The PDD has responded better under SFBK than the PI. It is therefore important to 

improve the design of the SFBK controller and ensure it is optimally tuned and capable 

of completely removing oscillations. To achieve optimum performance with SFBK 

control, the controller gains must be optimally tuned to meet a well-defined criterion.  

Linear quadratic regulator (LQR) design has been previously employed to tune the 

gains. Since there is no direct link between a defined performance index and the Q and 

R matrices with which the control gains are determined, it is virtually impossible to 

optimise the control gains for a given performance index such that the control 

bandwidth and damping are directly influenced by the criteria. Consequently, significant 

torsional oscillation is still present even with the SFBK controller. This illustrates the 

fact that unless effective tuning methods are used, the SFBK control may not be as 

effective as it should be. To ensure effective tuning is achieved the tuning must be 

performed against a defined performance index which maps the required bandwidth and 

damping as well as physical limits such as motor current and voltage supply, while the 

system nonlinearities are considered. As far as the literature is concerned, there is no 

effective design technique that can provide multiple gains design while meeting those 

constrains. Therefore, GA is proposed as a universal tool to tune all the controllers 

based on the ITAE performance index.  
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1.11. Scope and Research Program 

The thesis addresses the control of the PDD operating in speed control mode. The 

relatively low stiffness of the nonlinear magnetic gear integrated with the PDD becomes 

dominant over other mechanical stiffness of the drive train components which includes 

the shaft and the coupling connecting the output of the PDD to the load. The torsional 

stiffness of the mechanical drive train components are relatively large compared to that 

of a PDD, hence, their effects on the dynamic response of the PDD is negligible. 

The performance of servo drive systems may be evaluated through its ability to track 

a set point demand closely, where the error between the input and output is used to 

calculate a defined performance index. The second criteria is the drive system ability to 

reject torque perturbation while keep tracking the set point. This is known as regulation. 

Within this context the PDD should be controlled so that both good tracking and 

regulation are achieved.      

This research has identified three main issues surrounding the PDD control and has 

proposed feasible solutions that can be implemented on a prototype PDD machine. The 

first issue is related to the elimination of torsional oscillations observed in the output of 

the PDD when controlled by conventional commercial drives, in transient or under load 

condition. The second issue is related to the PDD control using a single sensor fitted on 

the LSR for cost and reliability purposes. Thus, full functionality should be achieved 

with a single sensor. The third issue is the phenomenon of slip in PDDs, where under 

external overload torque or excessive acceleration the rotors slip, this requires 

immediate action to keep the PDD under control throughout its operation. 

The above issues have been addressed in the thesis where analysis supported by 

simulated and experimental results have been presented and described. The thesis is 

organised as follows 
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Chapter 1 presents a general overview about electrical machines and specially traction 

machines with high torque capabilities. The magnetic gear is presented followed by the 

introduction of the PDD. A short description of basic machine control principle has 

been presented. The current state-of-the art in control of compliant coupling both 

mechanical and magnetic is reviewed and summarised. The control issues of the PDD 

are highlighted and potential solutions to the problems introduced.   

Chapter 2 describes detailed modelling of the PDD both mechanically and electrically. 

An open loop analysis is presented to highlight the problems related to the PDD control. 

The ݀ݍ-axis current controller design is presented together with space vector 

modulation.  

Chapter 3 presents the PDD control under the conventional PI, IP and the proposed 

SFBK. The controllers have been tuned with GA and simulation is performed for each 

controller structure to identify which is best suited for PDD control. The design of the 

SFBK controller and observer is described, and their sensitivity to parameter variations 

is analysed. A comprehensive study in frequency domain has been performed on the 

closed loop system of each of the three controllers in order to assess their relative 

merits.  

Chapter 4 discusses the design and implementation of a PDD speed controller where 

the position/speed sensor is mounted on the LSR. This includes the use of a linear 

observer and a nonlinear observer in the form of the extended Kalman filter. The issue 

with regard to the estimation accuracy of the HSR position for electronic commutation 

is illustrated.   

Chapter 5 addresses the problem of slip in the PDD which occurs under overload 

torque condition. Two techniques have been developed for a PDD to recover from the 

slip when equipped with two sensors or to prevent the PDD from slip when equipped 

with a single sensor on the HSR.  

Chapter 6 describes the experimental setup and presents measurement results which 

validate the developed techniques for the PDD control.  

Chapter 7 summarises the contributions and gives recommendations and suggestions 

for further research. 
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1.12. Summary 

This introduction contains a brief description of the most known electrical machines 

and their characteristics. The main technologies are highlighted with emphasis to their 

torque production and high torque density. The high performance magnetic gear is 

presented and discussed, and this is followed by the introduction of a permanent magnet 

machine which combines with a magnetic gear to form a PDD. A brief overview of the 

current state-of-the art in control of flexible coupling and two mass inertia systems has 

been elaborated, and particularly in the control of the magnetic gear. Previous work on 

the PDD has been described and problems and potential solution have been discussed.
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Chapter 2 

2. MODELLING AND CHARACTERISTICS OF THE PDD 

2.1 Introduction 

 

The integration of a magnetic gear with PM machine has been introduced to increase 

torque capability and reduce size of PM machines. However, this combination has also 

resulted in the PDD machine having a new dynamic behaviour not witnessed in 

classical PM machines, this includes speed oscillations when controlled by conventional 

drives and loss of transmission due to slip when a torque larger than the pull-out torque 

is applied. To study these dynamics, a model describing the interaction of electrical and 

mechanical quantities must be established. Combining prior knowledge on PM 

machines and magnetic gears a comprehensive model has been developed that can 

capture the mechanical, electrical and magnetic interactions, and will be employed to 

develop controllers and addressing issues associated with the dynamics of the PDD. 

For the PDD shown in Figure 2.1, the electromagnetic torque is produced by the 

interaction of the 2 pole-pair magnets (݌௛  ൌ  2) on the HSR with the currents in the 

stator windings. This torque is transmitted to the LSR, with a gear ratio ܩ௥ ൌ  
௡ೞ
௣೓

, by the 

interaction of the 21 pole-pair (݌௟  ൌ  21) stationary permanent magnets attached to the 

stator bore and the 21st space harmonic which results from the modulation of the 2 pole-

pair magnetic field on the HSR by the 23 (݊௦  ൌ  23) ferromagnetic pole-pieces of the 

LSR as shown in the schematic drawing in Figure 2.1 and Figure 2.2. 

During this work, the PDD has been operated in motoring mode, where the HSR 

drives the LSR, and therefore the modelling and analysis are based on this setup.  
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Figure 2.1: Assembled PDD 
 

 

Figure 2.2: Magnetic gear and PM machine integration (PDD) 
 

2.2 Mechanical Model of the PDD 

In a PDD, the HSR and the LSR are magnetically coupled and the mechanical load is 

applied to the LSR, and the electromagnetic torque is transmitted from the HSR to the 

LSR. The equations that govern their motion are as follows 

݀߱௛

ݐ݀
ൌ ௘ܶ

௛ܬ
െ ௠ܶ௔௫

௥ܩ௛ܬ
݅ݏ ݊ሺߠ௘ሻ െ

௛ܤ
௛ܬ
߱௛ െ

ௗܭ
௛ܬ

ሺ݌௛߱௛ െ ݊௦߱௢ሻ 2.1 

 

݀߱௢
ݐ݀

ൌ ௠ܶ௔௫

ܬ
௘ሻߠሺ݊݅ݏ െ

௢ܤ
ܬ
߱ை ൅

௥ܩௗܭ
ܬ

ሺ݌௛߱௛ െ ݊௦߱௢ሻ െ
௅ܶ

ܬ
 2.2 
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where ߱௛, ,௛ܬ  ,௛ are the angular speed, the MOI and the viscous damping of the HSRܤ

respectively ߱௢, ,ܬ  ௢ are the angular speed of the LSR, the combined MOI of the LSRܤ

 ,௅ , and the damping coefficient of the LSR and the loadܬ ௢ and the load MOIܬ

respectively. ܭௗ is the damping effect associated with the referred angular speed 

between the HSR and the LSR due to eddy current loss in the HSR, and iron loss in the 

LSR. ݌௛ is the pole-pairs on the HSR and ݊௦ is the number of ferromagnetic pole piece 

on the LSR. Furthermore, Gr is the gear ratio and is given by 

௥ܩ ൌ
݊௦
௛݌

 2.3 

and  ௅ܶ is the load torque, ௠ܶ௔௫ is the pull-out torque of the LSR and ௘ܶ is the 

electromagnetic torque produced by the q-axis current ݅௤ described in section 2.4, ௘ܶ is 

given by 

௘ܶ ൌ
3
2
ሺ݌௛ ߮௠݅௤ሻ 

 

2.4 

 
where ߮௠ is the stator flux-linkage. The transmitted torque to the LSR via an equivalent 

magnetic spring is given by 

௘ܶ௠ ൌ ௠ܶ௔௫sin ሺߠ௘ሻ 2.5 

 

with a stiffness ܭ௘௦ with respect to the LSR given by: 

௘௦ܭ ൌ
߲ܶ
௢ߠ߲

ൌ ݊௦ ௠ܶ௔௫cos ሺߠ௘ሻ 
 

2.6 

 
 ௘ is the referred load angle between the HSR and the LSR, and is given byߠ

 
௘ߠ ൌ ௛ߠ௛݌ െ ݊௦ߠ௢  2.7 

 
where, ߠ௛ and ߠ௢ are the angular positions of the HSR and LSR, respectively. From 

(2.6) it can be shown that the system is stable when the stiffness ܭ௘௦ is positive, i.e. 

when ߠ௘ is within the range 

݊ߨ2 െ గ

ଶ
൐ ௘ߠ ൐ ݊ߨ2 ൅ గ

ଶ
 , where ݊ is an integer. 

Figure 2.3 shows the equivalent mechanical transmission of the PDD, where it can be 

seen that the magnetic gear element can be replaced by two ideal and infinitely stiff 

gears, and a 1:1 magnetic coupling.     



Modelling and Characteristics of the PDD                                                                                       Chapter 2  

 
22Control of Pseudo Direct Drive

 ࢎ࣓

 ࢎࡶ

 ࢕࣓

 ࢕ࡶ

 ࢋࢀ :ࢎ࢖ ૚  :࢙࢔ ૚   ࡸࢀ

ࡸࡶ

Figure 2.3: Equivalent mechanical transmission of PDD with gear ratio ܩ௥ ൌ
௡ೞ
௣೓
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 ௛ሺ݇݃.݉ଶሻ 3.8݁ିଷ designܬ
௢ሺ݇݃.݉ଶሻ 2.5݁ିଷܬ design 
 ௅ሺ݇݃.݉ଶሻ 0.28 measuredܬ
ܴ௣ሺΩሻ 2 measured 
߮௠ሺܹܾሻ 0.59 measured 

௠ܶ௔௫ሺܰ.݉ሻ 135 design 
௛݌ 2 design 
݊௦ 23 design 

ሻ 32.6݁ିଷܪௗሺܮ measured 
 ሻ 32.6݁ିଷ measuredܪ௤ሺܮ

ሻ 1.0݁ିସ݀ܽݎ/ݏ݉.௛ሺܰܤ design 
ሻ 2.0݁ିସ݀ܽݎ/ݏ݉.௢ሺܰܤ design 
ሻ 0.5݁ିସ݀ܽݎ/ݏ݉.ௗሺܰܭ design 
߱௢೘ೌೣ

ሺݏ/݀ܽݎሻ 30 design 
߱௛೘ೌೣ

ሺݏ/݀ܽݎሻ 345 design 
ܷௗ௖ሺܸሻ 435 design 
݅௤ ௠௔௫ሺܣሻ 9 design 

Table 2.1: Parameters of the PDD. 
 

Figure 2.4 shows the variation of stiffness with transmitted torque for the PDD 

shown in Figure 2.1 and whose parameters are given in Table 2.1. It can be seen that the 

stiffness decreases from over 3000N.m/rad on no load to 2000N.m/rad at rated torque. It 

can also be seen that beyond rated torque, stiffness decreases very rapidly with 

increased torque, reaching 0 N.m/rad at the pull-out torque of 135 Nm. 

 

Figure 2.5 shows the variation of the transmitted torque with a referred angle ߠ௘ the 

stable (positive stiffness) and unstable (negative stiffness) operating regions of the PDD. 
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Figure 2.4: Variation of stiffness of the PDD with transmitted torque. 

 

 

Figure 2.5: Stable and unstable regions in a loaded PDD. 
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From (2.1) and (2.2), the signal flow graph of the PDD is shown in Figure 2.6. 
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Figure 2.6: The signal flow graph of the PDD (the damping effect is neglected) 

From a dynamics point of view, a magnetic gear could be simplified as two inertias 

on each side of the gear, which are connected through non-linear torsional spring as 

shown in Figure 2.3. This representation can effectively simplify the drive train system, 

and the effect of the MOIs on the drive system can be examined.  

The signal flow graph of the PDD from Figure 2.6 could be simplified as a lumped 

inertia system and presented in Figure 2.7.  
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Figure 2.7: The signal flow graph of the PDD with lumped MOI. 

The transfer function between ߱௥ and ௥ܶ  and between ߱௢ and ௥ܶ can be derived and 

given by [37], where ߱௥ ൌ ߱௛/ܩ௥ has resulted from simplifying Figure 2.6 which is 

used for the frequency domain analysis. However toque transmission is not affected by 

this transformation. 

߱௥ሺݏሻ

௥ܶሺݏሻ
ൌ

ଶݏ ൅ ቀ
଴ܤ ൅ ௗܭ

ܬ ቁ ݏ ൅ ߱௔ଶ

ଷݏ௘ܬ ൅ ܽଶݏଶ ൅ ܽଵݏ ൅ ܽ଴
ሺܴܵܪሻ 

 

2.8 

߱௢ሺݏሻ

௥ܶሺݏሻ
ൌ

߱௔
ଷݏ௘ܬ ൅ ܽଶݏଶ ൅ ܽଵݏ ൅ ܽ଴

ሺܴܵܮሻ 
 

2.9 



Modelling and Characteristics of the PDD                                                                                       Chapter 2  

 
25Control of Pseudo Direct Drive

where ܽ଴, ܽଵ, ܽଶ are defined as  

ܽଶ ൌ ௘ܤ ൅
௢ܤ௘ሺܬ ൅ ௗሻܭ

ܬ
, ܽଵ ൌ

௢ܤ௘ሺܤ ൅ ௗሻܭ
ܬ

൅ ߱௔ሺܬ௘ ൅ ,ሻܬ ܽ଴ ൌ ߱௔ଶሺܤ௘ ൅ ଴ܤ ൅  ௗሻ 2.10ܭ

߱௔ ൌ ඨ
௘௦ܭ
ܬ

 
 

2.11 

߱௡ ൌ ߱௔ඨ1 ൅
ܬ
௘ܬ

 
 

2.12 

 ௘ is the equivalent MOI of the HSR with the magnetic gear as seen by the LSR givenܬ

by 

௘ܬ ൌ .௛ܬ  ௥ଶ 2.13ܩ

Since the damping effect ܭௗ of the mechanical system is small ܭௗ  ൌ 0, therefore, 

(2.1) (2.2) become (2.14) (2.15) 

݀߱௛

ݐ݀
ൌ ௘ܶ

௛ܬ
െ ௠ܶ௔௫

௥ܩ௛ܬ
݅ݏ ݊ሺߠ௘ሻ 

 

2.14 

݀߱௢
ݐ݀

ൌ ௠ܶ௔௫

ܬ
௘ሻߠሺ݊݅ݏ െ

௅ܶ

ܬ
 

 

2.15 

and assuming ܤ଴ ൌ 0, (2.8)(2.9) become (2.16) (2.17). 

߱௥ሺݏሻ

௥ܶሺݏሻ
ൌ

ଶݏ ൅ ߱௔ଶ

ଶݏሺݏ௘ܬ ൅ ߱௡ଶሻ
 2.16 

 

߱௢ሺݏሻ

௥ܶሺݏሻ
ൌ

߱௔
ଶݏሺݏ௘ܬ ൅ ߱௡ଶሻ

 2.17 

 

The un-damped natural frequencies ߱௡ and ߱௔ of the pole and zero-pairs in (2.16) 

and (2.17) are referred to as the resonant and anti-resonant frequencies [14]. As can be 

seen, both transfer functions contain an un-damped mode, and hence oscillations may 

occur if this mode is not adequately damped. With  ܬ௘ ب ௡߱ ,ܬ ൎ ߱௔, oscillations occur 

on the LSR at the resonant frequency ߱௡ but are filtered by the relatively large 

equivalent MOI seen by the HSR. 

With  ܬ௘ ا the resonant frequency is given by ߱௡ ,ܬ ൎ ට
௄೐ೞ
௃೐
  is dictated by the 

equivalent MOI and the equivalent stiffness. 
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 The load to motor MOI ratio between the combined MOI of the LSR and the load ܬ, 

and the equivalent MOI of the HSR with the gear as seen by the LSR ܬ௘ is given by 

 

ܴ ൌ
ܬ
௘ܬ

 2.18 

 
The physical system under consideration has a MOI ratio of ܴ ൌ 0.56; this has been 

obtained using Table 2.1. 

2.3 Open Loop Response of the PDD 

 

To observe the characteristics and behaviour of the machine, the PDD has been 

tested in open loop, where friction and damping effects had been neglected, a step 

change of a constant torque produced by current equals to 0.25 (A) has been applied to 

it for the duration of 2 seconds, then at time t = 2 sec a load torque of 50N.m is applied 

to the LSR, at the same time the electromagnetic torque has been augmented by 

increasing the current to approximately 2.5(A) in order to keep the LSR in equilibrium. 

The load torque is removed at time t = 5 sec. The open loop responses of the HSR and 

the LSR, referred angle with the load torque and input current profiles are presented in 

Figure 2.8 to Figure 2.12. It is clear that when a load torque is applied oscillations 

appeared in both rotors and the referred angle indicate that the rotors are not 

synchronised. The oscillation can result in speed fluctuations in the load, hence the 

position of the HSR used for electronic commutation may not be affected; this can result 

in torque per amp reduction, therefore the quality of control will be severely reduced. 
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Figure 2.8: HSR response to a load torque. 
 

 

 

Figure 2.9: LSR response to a load torque. 
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Figure 2.10: Referred angle response to a load torque. 
 

 

 

Figure 2.11: Load torque profile 
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Figure 2.12: Current demand profile. 
 

The open loop response exposes the fundamental problems associated with the PDD 

control, where oscillations appear when subjected to load torque variations. As stated in 

Chapter 1, drive trains with different MOI ratios can be exposed to torsional 

oscillations, it has also been demonstrated with the mechanical model of the PDD that 

torsional oscillations appear in the output when the load MOI is smaller than the 

combined motor MOI with a gear.  To further investigate the cause of oscillations using 

the open loop system, the ratio ܴ is varied in three steps ܴ ൌ 0.56, ܴ ൌ 1 and ܴ ൌ 2 the 

responses are shown in Figure 2.13. 
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Figure 2.13: MOI ratio effects on the PDD in open loop. 
 

The open loop response clearly shows that the MOI ratio has a big effect on the 

amplitude of oscillation; since the PDD has an incorporated magnetic gear, the MOI 

seen by the LSR is the equivalent MOI of the HSR with the gear ratio squared as 

described in (2.13). Besides the MOI ratio, lack of damping in the system is also a 

major factor of these oscillations.      

To examine the system further a frequency domain analysis of the open loop system 

bode and root locus analyses are performed on the system to determine stability and 

damping coefficient.  

The bode plot of the system is shown in Figure 2.14 where the system is clearly 

stable, the resonant peak magnitude defined in (2.19) is at its maximum at the resonance 

frequency, where ζ is the damping ratio. 

௥ܯ ൌ
1

ඥ1ߞ2 െ ଶߞ
 2.19 

 

The large magnitude of the resonant peak gives an indication of the relative stability 

of the system; it also indicates the presence of a pair of dominant closed-loop poles with 

small damping ratio; this could yield an undesirable transient response. 
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Figure 2.14: Bode plot of the PDD 

 

 

 

Figure 2.15: Root locus of the PDD 
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The root locus analysis shows clearly the dominant poles located on the imaginary 

axis where the system is defined as marginally stable. The damping of the dominant 

poles is very poor; the other two real poles are located on the origin. 

From the control design point of view the system has very low damping, which may 

explain the oscillations on the output shown in the time domain simulations. However, a 

closed loop control should add more damping, where the dominant poles of the system 

would be moved further to the left side of the s-plane to provide more damping without 

compromising the system bandwidth and response time, taking into account system 

constraints such as operating voltages and currents.       

2.4 PDD under field oriented control (FOC) 

The electrical dynamics of the PDD is similar to that of the conventional surface 

mounted brushless permanent magnet machine. They are given in term of the ݀ݍ-axis 

currents by  

݀݅ௗ
ݐ݀

ൌ െ
ܴ௣
ௗܮ

݅ௗ ൅
߱௘ܮ௤݅௤
ௗܮ

൅
ௗݒ
ௗܮ

 2.20

 

݀݅௤
ݐ݀

ൌ െ
ܴ௣
௤ܮ
݅௤ െ

߱௘ܮௗ݅ௗ
௤ܮ

൅
௤ݒ െ ௛߰௠߱௛݌

௤ܮ
 2.21

 

 
Figure 2.16: Field Oriented Control scheme in d-q reference frame. 
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 ݅ௗ, ݅௤, ,ௗݒ ,௤ݒ ,ௗܮ  axis components of the currents, voltages and-ݍ݀ ௤ are theܮ

inductances, respectively. Due to a fractional number of ferromagnetic pole-piece per 

stator winding pole being used and the large magnetic airgap between the stator and 

pole-piece,  ܮௗ ܽ݊݀ ܮ௤ are equal for surface mounted permanent magnet machine [37], 

ܴ௣ is the phase resistance, and ߮௠ is the peak flux linkage per phase due to the two 

pole-pair magnets on the HSR. ߱௘ is the electrical angular frequency, it is related to the 

mechanical speed of the HSR ߱௛ by ߱௘ ൌ  ߱௛ ൈ -௛ is the number of pole݌ ௛ where݌

pair of the HSR.  ܭ௘ ൌ  ߮௠.  ௛ is the back-Emf constant. The cogging torque factor is 1݌

for the PDD, hence small and can be neglected [4]. ܷௗ௖ is the DC link voltage, ܷௗ௖
כ  

denotes the nominal DC link voltage used for calculating the duty ratios of the PWM 

modulator (not shown) of the inverter. ݅ௗ
כ  is set to zero for maximum torque per Ampere 

since flux weakening is not required.  

The proportional and integral gains of the currents controllers are designed  using 

pole-zero cancellation described in [38]. The current loop control bandwidth 

௖݂  is set to 400ݖܪ and ௖ܶ is the time constant of the current loop. The proportional and 

integral gains are given by 

ܶܿ ൌ ଵ

ଶ.గ.௙௖
 

 

௜ௗܭ ൌ
ܴ௣
ܶܿ

 

 

௣ௗܭ ൌ
ௗܮ
ܶܿ

 

2.22

 

௜ௗܭ ൌ ௜௤ܭ ൌ 5026.5 

௣ௗܭ ൌ ௣௤ܭ ൌ 81.93 

It is well known that the influence of parameter variations of the electrical quantities 

,ௗܮ) ,௤ܮ ܴ௣, ߮௠ሻ on the dynamic response is minimised by feedback actions of the inner 

current control loop with sufficiently high bandwidth, and it is indeed a common 

practice to employ PI current controller for this purpose. 
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2.5 The PI Implementation with Anti-Windup 

Due to saturation required to limit the currents and voltages to the physical limits, the 

integral term of the PI can accumulate a significant control action during the rise, and in 

this region the integral term can no longer effects the control variable. A conventional 

solution is to stop the integral term when saturation occurs. Figure 2.17 shows the 

integration of a PI controller with an anti-windup method to stop the integrator where 

the control signal reaches the saturation. The Integrator clamping anti-windup method is 

described in Figure 2.18. 

 

 

 

 

 

࢏ࡷ

࢙
 

 

࢖ࡷ

 

Figure 2.17: PI implementation with anti-windup. 

 

Figure 2.18:  Inside the Anti-windup. 
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2.6 Space Vector Pulse Width Modulator (SVPWM) 

The control of 3-phase brushless AC motor (BLAC) requires PWM signal to be  

produced for a six switch voltage source inverter (VSI), as shown in Figure 2.19. 

There are different techniques to control the switches of the inverter to achieve a 

three-phase output, with variable frequency and amplitude. Sinusoidal PWM has been a 

very popular technique used in AC motor control this employs a triangular carrier wave 

modulated by a sine wave and the points of intersection determine the switching points 

of the power devices in the inverter.  

However, this method is unable to make full use of the inverter’s supply voltage  

௔ܸே ൌ ݉௔
௎೏೎
ଶ

 , where ܷௗ௖ is the DC supply and ݉௔ ൌ
௏ೝ೐೑
௏೟ೝ೔

 is the modulation ratio. 

The asymmetrical nature of the PWM switching characteristics produces relatively 

high harmonic in the output voltage, as it appears as sidebands of switching frequency 

and its multiples. Therefore the resulting sinusoidal current has a superimposed small 

ripple where high frequency is used.   

Space Vector PWM (SVPWM) is a more sophisticated technique for generating a 

fundamental sine wave that provides a higher voltage to the motor and lower total 

harmonic distortion. It is also compatible for use in vector control (Field Orientation 

Control) of AC motors. The d-q command voltage from the controller output is 

transformed into α-β reference frame. The resulting ݒఈ and ݒఉ are then expressed as a 

vector with amplitude ௖ܸ௦ and angle ߜ௖௦ . The transformation is as follows  

௖ܸ௦ ൌ ටݒఈଶ ൅ ఉݒ
ଶ ൌ ටݒௗ

ଶ ൅  ௤ଶݒ

௖௦ߜ ൌ ଵି݊ܽݐ ൬
ఉݒ
ఈݒ
൰ ൌ ߠ ൅ ଵି݊ܽݐ ൬

௤ݒ
ௗݒ
൰  

2.23
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Figure 2.19: Three phase voltage source inverter 

 

From (2.23) any given command voltage can be realised by switching between the 

two adjacent vectors  ௡ܸାଵ , ௡ܸ and zeros, taking in consideration that | ௖ܸ௦| is within the 

hexagon for this particular case shown in Figure 2.20. Other cases where the vector ௖ܸ௦ 

is outside of the hexagon will be discussed later. 

 

 

(a) (b) 

Figure 2.20: Voltage space vector.(a) six sectors (b) one sector 

,ଵݐ ,ଶݐ ,଻ are the switching time for ଵܸݐ  ଴  andݐ ଶܸ, ଷܸand ଻ܸrespectively, are determined 

by the following equations. 

ଵݐ ൌ ݉. ܶ. ݊݅ݏ ቀ
ߨ
3
െ ௖௦ቁ 2.24ߜ
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ଶݐ ൌ ݉. ܶ. ௖௦ሻ 2.25ߜሺ݊݅ݏ

݉ ൌ
√3. ஼ܸௌ

ௗܸ௖
 2.26

଴ݐ ൅ ଻ݐ ൌ ܶ െ ሺݐଵ െ ଶሻ 2.27ݐ

 

where ݉ is the modulation index, ߜ௖௦ is the angle between ௡ܸ and ௖ܸ௦ from Figure 

2.20, VCS is the input vector from (2.23). ܶ is the period of the PWM cycle. ݐ଴ and ݐ଻ 

are equally divided in a symmetrical implementation. Thus ݐ଴ ൌ ଻ݐ ൌ
ଵ

ଶ
ሺܶ െ ሺݐଵ െ  ଶሻሻݐ

the vector associated with each switching state is the switching polarities of the three 

inverter leg. 

The resulted switching sequence has minimum order of switching as shown in Figure 

2.21 for sector 1. 

 

Figure 2.21: Per carrier cycle switching sequence for sector 1. 

In order to maintain a proper current control, it is necessary to control the reference 

voltage vector so that it does not exceed the hexagon, Figure 2.20(a). 

If the reference voltage is outside the hexagon, it can be detected using the following 

transformation [39]. 
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כ௫௬ݑ ൌ ఈఉݑ
כ . ݁ି௝ఏೣ೤ 

௫௬ߠ ൌ ൫1 ൅ 2ሺݏ െ 1ሻ൯.
ߨ
6

 

כ௫௬ݑ ൌ כ௫ݑ ൅ כ௬ݑ݅  

2.28

where ߠ௫௬ is the angle between ߙ axis and ݔ axis, ࢙ is the sector where  ݑఈఉ
כ  is located.  

If   ห݈ܽ݁ݎሺݑ௫௬כ ሻห ൐ ௎೏೎
√ଷ

 The input vector is said to be outside the hexagon. 

The vector is limited by using one of these methods: 

 Circular Limit Method (CL) 

 Minimum Amplitude Error Method (MAE) 

 Space Vector Limit Method (SVL) 

 Dynamic Vector Method (DVL) 

Although their performance may differ in term of transient and complexity, Space 

Vector Limit Method (SVL) is very suitable when using space vector modulation [39]. 

The modified voltage vector is obtained as 

௫ݑ ൌ
௎೏೎
√ଷ

 

௬ݑ ൌ .௫ݑ
כ௬ݑ

 

כ௫ݑ
 

௫௬ݑ ൌ ௫ݑ ൅  ௬ݑ݅

2.29

Then the vector is transformed back to αβ coordinate system by 

ఈఉݑ ൌ .௫௬ݑ ݁
௝ఏೣ೤ 2.30
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2.1.1 Space Vector PWM Algorithm 

 Using (2.23) to obtain the angle and magnitude, from the angle θ the sector is 

located. 

 Detect if ௖ܸ௦ is outside the hexagon, limit the voltage using one of the suitable 

methods, SVL in this case. 

 The following equations: (2.24) (2.25) (2.26) and (2.27) are used to calculate 

the timing of ݐ଴, ,ଵݐ ,ଶݐ and ݐ଻. 

2.1.2 Voltage Limiter 

At the moment, field weakening is not required, resulting in ݅ௗ
כ ൌ 0 . The voltages 

ௗݒ
ᇱ  and ݒ௤ᇱ  in the d-q axis reference frame are transformed back to ܾܽܿ system; these 

signals are used to control the inverter via PWM modulation scheme. When the 

reference voltage vector is located inside the hexagon, the output of the SVPWM is 

linear to the modulation ratio ݉, the maximum ݏ݉ݎ line to line voltage occurs at ݉ ൌ 1 

௣ܸ ൌ
௎೏೎
√ଷ

 , hence the maximum voltage in d-q must be ටݒௗ
ᇱ ଶ ൅ ௤ᇱݒ

ଶ ൏ ௎೏೎
√ଷ

 . To keep the 

voltage within the required limit ݒௗ
ᇱ ௤ᇱݒ ݀݊ܽ   are to be limited together, to keep the vector 

within the hexagon as follows: 

݇ ൌ
ට௩೏

ᇲ మା௩೜
ᇲ మ

ೆ೏೎
√య

 

If ݇ ൐ 1 

ௗݒ ൌ
Ԣ ௗݒ
݇
௤ݒ        , ൌ

Ԣ ௤ݒ
݇

 

2.31

 
Figure 2.22 and Figure 2.23 show the resulting phase and line to line voltages of 

phase A respectively. In comparison to sinusoidal PWM which can only offer half the 

maximum ܷௗ௖, space vector can utilise 2 3ൗ  of the maximum ܷௗ௖, furthermore the 

switching sequence implemented by SVPWM generates less losses compared to 

sinusoidal PWM.     



Modelling and Characteristics of the PDD                                                                                       Chapter 2  

 
40Control of Pseudo Direct Drive

Figure 2.22: Phase voltage ௔ܸ௡ 

 

Figure 2.23: Line to line voltage ௔ܸ௕ 
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Although, sinusoidal PWM has been widely used in inverter drives and control of 

PM machine due to its simplicity, new drives are equipped with SVPWM as a standard, 

where the benefits of high DC link utilisation and reduced switching losses are 

exploited. For this reason it would be beneficial to include SVPWM in the PDD control 

in order to show that the algorithm used for the PDD control can also accommodate 

various types of PWM schemes without compromising its performance.      

2.7 Summary 

 

The work in this section summarises the dynamic modelling of a PDD both 

electrically and mechanically, with more emphasis given to the torque transmission 

characteristics and stability affecting the PDD operation. The PDD had been simulated 

in open loop, where issues affecting its operation have been highlighted in both time 

and frequency domain. Field oriented control is introduced to control the currents in the 

 axis, where the current controller has been designed using pole zero cancellation, an-ݍ݀

overlook at problems regarding the saturation and a proposed anti-windup method. 

Finally, space vector modulation has been proposed to generate switching sequence for 

the PWM operation, where issues regarding the voltage limit had been addressed and 

solution proposed. 
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Chapter 3 

3. CONTROL OF PDD WITH FEEDBACK FROM HIGH-

SPEED ROTOR 

3.1 Introduction 

Permanent magnet machines are typically equipped with a rotor position sensor in 

the form of resolver or encoder for electronic commutation of phase currents and for 

speed/position control of the payload. However, a PDD, as shown in Figure 3.1 and 

Figure 3.2 has two shafts interconnected by magnetic force with non-linear 

characteristics. For ease of control, a position sensor on each rotor may be employed to 

accurately measure the position of the high-speed rotor (HSR) needed for electronic 

commutation and the speed/position of the low-speed rotor (LSR) for payload control. 

This would, however, increase the cost and complexity of the mechanical structure of 

the PDD. Thus it is desirable to use a single sensor for PDD control. This Chapter will 

address the control problems when the PDD is fitted with a single sensor on the HSR. 

 As has been highlighted in Chapter one, the PDD characteristics present some 

challenge for its torque, speed or position control, which is required in most 

applications.  Since the publication of the PDD in 2008 [4], there was only one paper 

published in 2009 that addresses the control issues of the PDD [37]. Where two types of 

controllers, a proportional integral (PI) and a state feedback controller (SFBK) have 

been proposed. It has been shown that, due to the magnetic gearing and lack of 

damping, torsional oscillations will result with the PI controller in the output (LSR), 

causing undesirable speed and position transients, increased copper loss in the motor 

winding, and reduced performance overall. The poor PI control performance is due to 

its structure which limits the capability of placing the poles of the closed loop system in 

a desirable location to increase bandwidth and to improve damping. Wang and Atallah 

[37] suggested a SFBK controller as a replacement for the PI controller to reduce speed 

oscillations on the output. The proposed structure should provide more freedom to place 

the dominant poles of the closed loop system in a desirable location where the 

maximum damping and bandwidth is achieved with a given set of constraints. Linear 
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quadratic regulator (LQR) has been used to tune the feedback gains. While the SFBK 

controller has reduced oscillations as compared to those with the PI controller, the PDD 

still suffer from excessive speed/position oscillations on the output due to ineffective 

tuning.  

While LQR is well established method for tuning SFBK controller gains, its 

implementation on the PDD didn’t achieve total elimination of torsional oscillations. 

LQR tune SFBK gains by adjusting the elements of Q and R matrices, a common way  

is by using a weighting factors as demonstrated in [30], or weighting factors chosen by 

optimisation techniques as described in [40]. Since there is no direct link between a 

defined performance index and the Q and R matrices with which the control gains are 

determined. It is virtually impossible to optimise the control gains for a given 

performance index such that the control bandwidth and damping are directly influenced 

by the criteria. Consequently, significant torsional oscillations are still present even with 

the SFBK controller, although the magnitude of the oscillations is lower than that of the 

PI controller. This illustrates the fact that unless effective tuning methods are used, the 

SFBK control may not be as effective as it should be. To ensure effective tuning is 

achieved the tuning must be performed against a defined performance index which 

maps the required bandwidth and damping as well as physical limits such as motor 

current and voltage supply, while the system nonlinearities are considered. As far as the 

literature is concerned, there are not many design techniques that can provide multiple 

gains design while meeting those constrains. It is therefore essential to use a tuning 

algorithm that can meet the requirements while maintaining performance. Genetic 

algorithm (GA) can provide such tuning platform to ensure optimum performance is 

met, while satisfying the defined criteria. 
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Figure 3.1: Axial cross-section of the Pseudo Direct Drive. 

 

 

Figure 3.2: Radial cross section of the Pseudo Direct Drive. 
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The control of compliant coupling and servo drives with two inertias connected by a 

compliant mechanical coupling, where disturbance rejection property is required has 

been studied in [19],[17] and [20]. PI and IP control are employed and specifically 

tuned to reduce torsional oscillations.  It is shown that the MOI ratio between the load 

and motor directly affects the performance of the servo control system in suppressing 

resonance oscillations in the load. A torque transducer is introduced between the motor 

and load in [21] and [22] and the torque feedback together with IP speed control are 

used to improve the system damping.  However, the use of torque transducer not only 

increases the system cost, but also compromises the mechanical simplicity and integrity. 

All these control techniques are concerned with compliant coupling with very small 

torsional displacement, relatively large stiffness and linear torque-displacement 

characteristics. Most recently, a comprehensive analysis and design technique for speed 

control of electrical drives using the IP control have been reported [18]. It has been 

shown that by appropriate design, the IP based speed control has good speed tracking 

and disturbance (load) rejection property. However, the analysis and design techniques 

are confined to the drives where torsional deflection is negligible. 

The IP speed controller implemented on a 1:1 magnetic coupling, where the gains 

had been tuned against the fourth order ITAE polynomial, can have good oscillation 

rejection characteristics. However, the 1:1 magnetic gear exhibits damping torque 

caused by the eddy currents generated in the solid back-irons. The damping seems to 

help reducing the oscillations in the output. In contrast, the PDD exhibits very little 

damping, because in order to maximise efficiency, it is manufactured using laminated 

electrical steel, and therefore, eddy current losses are minimised. In addition to the low 

stiffness coupling, the gearing has significant effect on the MOI ratio between the HSR 

and the LSR. Hence, the controller structure and design presented for the compliant 1:1 

magnetic coupling cannot provide sufficient damping for the PDD operation. This can 

be demonstrated by applying the IP control structure on the PDD to measure its 

performance against the PI and SFBK. 

PI, IP and SFBK have been proposed as candidate controllers, based on their 

popularity and use in industry such as the PI and IP controllers or proven in the 

literature such as SFBK. A comparative study in time and frequency domain has been 

established in order to quantify their performance and suitability for the PDD. 
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Furthermore, the controllers PI, IP and SFBK will be tuned with GA based on the ITAE 

performance index, this will ensure that the controllers have been optimally tuned with 

same tools and under same conditions; hence the performance will truly reflect the 

effect of the control structure implemented, while GA is guaranteed to equally optimise 

the tuning of the controllers.  

3.1 Tuning the Controllers with GA in Simulink 

 Matlab Simulink R2010a is used as the platform to simulate the PDD dynamics and 

the control strategies. Ode4 (Runge-Kutta) with a fixed step size and sampling 

frequency of 10 kHz is employed throughout all simulations. The dynamics of the PDD 

are simulated based on the parameters provided in Table 2.1 Chapter 2. The model is 

composed of the mechanical and electrical dynamic, the current controllers, SVPWM at 

8 kHz, and one of the candidate speed controllers. 

GA has been used to tune the gains of the PDD model containing one of the three 

controllers in Simulink, the controller gains have been set as variables in the model, and 

they are initialised and updated by a Matlab script running GA code. Once the model is 

run, the gains are updated and the error between the input and output is retrieved, the 

error vector is evaluated as the performance index after every iteration. 

The objective function is used to provide a measure of how individuals have 

performed in the problem domain. For the control tuning problem, the optimal feedback 

gains will have the lowest numerical value of the objective function. Thus, integral of 

time and absolute error (ITAE) defined in (3.1) has been selected as the performance 

criteria. This performance index has the advantages of producing smaller overshoots 

and less oscillations than the integral of square error (ISE) or integral of the absolute 

error (IAE) [41]. ITAE provides the best selectivity of the performance indices, because 

the integral of time multiplied by the squared error (ITSE) is less sensitive than ITAE 

[42] in controlling overshooting and oscillation.  

ܧܣܶܫ ൌ න |ሻݐሺ݁|ݐ
்

଴
 3.1 ݐ݀

GA script set the initial population of individuals randomly given a range and a 

numerical representation in the form of a ሺ݉ ൈ ݊ሻ matrix, where ݉ is the number of 
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individuals forming the generation, ݊ is the number of parameters to be optimised in 

each individual. For instance ݊ ൌ 2 for a PI representing ܭ௣ and ܭ௜, and ݊ ൌ 5 for the 

SFBK controller representing ܭఠ೓
, ఠ೚ܭ

, ,ఏ೐ܭ  ௜. The fitness of each individual isܭ ௦ andܭ

evaluated based on the minimum ITAE. A percentage of the fittest individuals is 

selected for reproduction during which a crossover and a mutation method are used to 

randomly alter the genes of the individual to produce offspring. The fitness of the new 

individuals is evaluated, and the least fit in the population is replaced by the new 

individuals. Figure 3.3 illustrates genetic algorithm tuning of the controller gains using 

Matlab Simulink, where ܰ is the number of individuals in the generation. The genetic 

algorithm toolbox has been describes in [43]. 

The maximum number of generations in this tuning has been set to 100, nevertheless, 

after 50 to 60 generation the algorithm converges and minimum ITAE is reached and 

the response cannot be improved any further. The results of tuning the three controllers 

are shown in Table 3.1. 

Figure 3.3: GA flowchart 
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Controller Gains ITAE 

PI 

 

௣ܭ ൌ 0.02 ሺA/ሺrad/sሻሻ 
௜ܭ ൌ 0.686 ሺA/radሻ 

2.03 

IP 
௣ܭ ൌ 0.22 ሺA/ሺrad/sሻሻ 

௜ܭ ൌ 1.8 (1/s) 
1.80 

SFBK 

ఠ௛ܭ ൌ 2 ሺA/ሺrad/sሻሻ 
ఠ௢ܭ ൌ 1.699 ሺA/ሺrad/sሻሻ 
ఏ೐ܭ  ൌ 9.7856 (A/rad) 

௦ܭ ൌ 0.5  (dimensionless) 
௜ܭ ൌ 210 (1/s) 

1.67 

 
Table 3.1: Controller gains obtained by GA tuning. 

 

3.2 PDD under Conventional PI Speed Controller 

It has been seen in Chapter 2, the open-loop response of the PDD shows torsional 

oscillations in the output when a load torque is applied to the LSR. A closed loop 

control is required to ensure speed output is regulated around the set point and 

oscillations are eliminated or minimised. To investigate the performance of the PDD 

controlled by a conventional commercial drive which typically employs PI control for 

its speed control loop, a Simulink model has been established to evaluate the PDD 

operation under speed PI control. Figure 3.4 shows the PDD under PI speed controller, 

where the HSR is used for feedback. The ݍ-axis current demand is regulated by the PI 

speed controller, while the ݀-axis current demand is set to zero since no flux weakening 

is required. Both the ݀- and ݍ-axis current loops employ a PI controller to adjust the 

voltage applied to the motor by PWM switching. The current controller design has been 

presented in Chapter 2.  

The magnetic damping is neglected in the simulation. This represents the worst case, 

as in a real physical system there is always some damping which helps reduce 

oscillation, although it may be very small. 

The PI in Figure 3.4 has been optimally tuned with GA, as Table 3.1 shows the 

minimum ITAE obtained and could not be improved any further.  

For the signal flow graphs, unlabelled lines have been used for summation, 

subtraction is labelled using negative sign; this applies for all figures in the thesis.  
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Figure 3.4: PDD under PI speed controller. 
 

3.2.1 Time Domain Analysis of PDD With Conventional PI Controller  

To evaluate the PDD operation under transient load condition, the speed demand and 

load profile are defined as follows. The PDD is accelerated to 100 rpm from stand still, 

and at time t = 2 seconds a load torque of 100 Nm (PDD rated torque) shown in Figure 

3.5  is applied to the LSR for a duration of 3 seconds. The load torque also includes the 

friction torque of the drive train (the gearbox and the load motor) present in the test rig, 

which has been estimated to be around 23 N.m. This load torque profile will be used 

throughout this chapter to evaluate each of the candidate controllers. Figure 3.6 and 

Figure 3.7 show the speed responses of the HSR and the LSR, respectively. The 

oscillations start immediately when the speed demand changes or the load toque is 

applied. Figure 3.8 shows the referred angle ߠ௘ which exhibits similar oscillations. It is 

evident that the PDD exhibits oscillations under load torque or transient when the 

classical PI controller is used. These significant changes in ߠ௘can lead the system to slip 

or become unstable if it deviates outside of the stable region (െ2/݅݌ ൏ ௘ߠ ൏  .2ሻ/݅݌

The MOI ratio between the load and the motor drive is  ܴ ൌ 0.56 as this represents 

the physical system under test. 
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Figure 3.5: Load torque waveform applied to the PDD. 

Figure 3.6: PDD response of the HSR ߱௛under conventional PI. 

0 1 2 3 4 5 6
0

23

100

Time (s)

L
oa

d 
to

rq
ue

 (
N

.m
)

0 1 2 3 4 5 6
0

200

400

600

800

1000

1200

1400

1600
1700

Time (s)

Sp
ee

d 
(r

pm
)



Control of PDD with feedback from high-speed rotor                                                                     Chapter 3  

 
51Control of Pseudo Direct Drive

 

 
 

Figure 3.7: PDD response of the LSR ߱௢ under conventional PI. 

Figure 3.8: Referred angle ߠ௘under conventional PI. 
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Figure 3.9 shows the ݀ݍ-axis currents, where ݅௤ directly provide the torque needed to 

drive the load, the ݅௤ current shows similar oscillations noticed in the LSR output. 

It should be noted that the oscillations not only seriously compromises the speed or 

position control performance, but also results in additional copper loss in the motor and 

therefore reduces the thermal rating of the drive system. It can be seen that using the PI 

control structure for speed control of PDD may not provide a good solution to eliminate 

torsional oscillations in the PDD output. This is because of its structure, which limits 

the capability of placing the poles of the closed-loop system in a desirable location to 

increase bandwidth and to improve damping. 

 

 

 

 

 

 

Figure 3.9: Simulated ݅ௗ and ݅௤ currents 

0 1 2 3 4 5 6
-1

0

1

2

3

4

5

6

7

8

Time (s)

i q 
cu

rr
en

t (
A

)

 

Simulated iq current

Simulated id current



Control of PDD with feedback from high-speed rotor                                                                     Chapter 3  

 
53Control of Pseudo Direct Drive

3.3 PDD under Integral and Proportional IP Speed Control 

 

3.3.1 Time Domain Analysis of PDD under IP Controller  

A variant of PI control, commonly known as IP control, has also been applied to 

suppression of torsional oscillations with compliant coupling [17],[20] and magnetic 

coupling in [44], where an improved performance has been achieved over the PI. From 

the control structure point of view the main difference between the two controllers is the 

presence of a zero in the PI structure as shown in (3.2) which can be sensitive to 

torsional oscillation and hence can excite undesirable oscillatory mode in the system. 

Whereas, an IP controller given by (3.3) does not have a zero, thus these oscillatory 

modes may be dampened by the appropriate controller tuning. 

PI structure 

ݑ ൌ ሺ߱ௗ െ ߱௛ሻ ൤
௜ܭ
ݏ
൅  ௣൨ 3.2ܭ

IP Structure 

ݑ ൌ ሺ߱ௗ െ ߱௛ሻ
௜ܭ
ݏ
െ ߱௛ܭ௣ 3.3 

where, ݑ is the resulting speed control action, ߱ௗ is the speed demand, ߱௛ is the 

speed of HSR, ܭ௣,     .௜ are the proportional and integral gains, respectivelyܭ

The control structure implementing the IP as speed controller for the PDD has been 

presented in Figure 3.10. The speed demand and load torque profile used with this 

controller is the same as that described for the PI controller in Section 3.2. The gains of 

the IP controller have also been tuned with GA with the same condition as the PI. 



Control of PDD with feedback from high-speed rotor                                                                     Chapter 3  

 
54Control of Pseudo Direct Drive

Figure 3.10: PDD under IP speed controller. 
 

Figure 3.11 shows the response of the HSR under the IP speed controller. It exhibits 

good tracking performance and fewer oscillations in comparison to the PI control.  

Figure 3.12 shows the LSR response under the IP control, where an improved speed 

tracking and disturbance rejection is achieved in comparison with the PI control. 

However excessive oscillations still appear when the load is applied or removed. 

Figure 3.13 shows the referred angle response under transient load torque and its 

peak value has nearly reached slip point due to the instantaneous load torque shown in 

Figure 3.5 being applied to the LSR, high rate of change in torque can cause the angle to 

exceed the maximum stable point of  గ
ଶ
  under this control scheme.  

Figure 3.14 shows the simulated ݅௤ and ݅ௗ currents, this profile shows ݅௤ tracking the 

load torque changes. The torque producing current ݅௤ has fewer oscillations than seen 

with the PI, a better damping and torque transmission is achieved with this control 

structure. 
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Figure 3.11: PDD response of the HSR ߱௛ under IP controller. 

Figure 3.12: PDD response of the LSR ߱௢ under IP controller. 
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Figure 3.13: Referred angle ߠ௘ response of the PDD under IP. 
 

Figure 3.14: Simulated ݅ௗ and ݅௤ currents 

The performance of the PDD operation under IP control has been improved 

compared to that of the PI controller; however, torsional oscillations are still present and 

further improvement still needed.  
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3.4 PDD under State Feedback SFBK Speed Controller 

 

3.4.1 Time Domain Analysis of PDD under SFBK Controller  
 

So far, the speed controllers implemented for a PDD in the form of PI and IP have 

not produced desirable performance to eliminate torsional oscillations on the low-speed 

rotor, even though these controllers had been optimally tuned by GA. This leads to the 

conclusion that these two control structures are unable to provide the damping needed to 

eliminate torsional oscillations as have been shown in the time domain simulations with 

the conventional PI or its variant IP control.  

PI and IP are fundamentally limited by their structures, both controllers can respond 

only to one change through the feedback variable ߱௛, these structures can provide 

limited control for the fast changing dynamics of the stiffness of the magnetic gear, 

which decreases massively with the increase of torque on the LSR and cannot be 

captured using the HSR alone. Although, IP can certainly be a candidate due to its 

performance over the classic PI, its structure clearly provide more damping and stability 

to the PDD. However, due to continuous variation in the stiffness of the magnetic gear 

during acceleration and under load torque, the variations are reflected on the gear ratio 

and hence causing a variation in the MOI ratio, PI and IP both show weakness towards 

parameters variations; this sensitivity is reflected on damping and bandwidth resulting 

in poor performance. Sensitivity to parameters change will be shown later in Section 3.6 

with a frequency domain analysis. SFBK on the other hand can provide better control 

using more than one state to regulate its feedback system, such as ߠ௘, ߱௢ and ߱௛. SFBK 

can have better performance than both PI and IP in providing more damping to the PDD 

through its multiple gains structure if it is optimally designed. 

Figure 3.15 shows SFBK controller implemented on the PDD, the closed loop 

system consists of the inner loop with current controller and outer loop with SFBK 

speed controller. The measured speed ߱௛ provides the drive commutation angle and 

signal for feedback needed for payload speed control. The other states required for the 

feedback controller are obtained from a reduced order observer (the observer design and 

tuning are included in Section 3.4.2). The controller has one integral gain and four 

proportional gains. The integral gain is used to eliminate steady state error, and the 
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proportional gains are related to the feedback of the system states, viz., the speed of the 

HSR ߱௛, the speed of the LSR ߱௢ and the referred angle ߠ௘ so that sufficient degree of 

freedom is provided in the feedback control to place the dominant poles of the closed 

system in a desirable location. The fourth proportional gain ܭ௦ is newly introduced to 

the conventional state feedback control scheme described in [37] and it is employed to 

correct any deviation that may occur in the speeds of the two rotors in transient caused 

by the low stiff magnetic gear. In steady state ߱௢. ௥ܩ ൌ ߱௛, this gain has no or very little 

effect on the feedback system as can be seen in (3.4). 

ݑ ൌ ሾሺ߱ௗ െ ߱௛ሻ ൅ ሺ߱௢. ௥ܩ െ ߱௛ሻ. ௦ሿܭ
௜ܭ
ݏ
െ ߱௛. ఠ೓ܭ

െ ߱௢. ఠ೚ܭ
െ .௘ߠ  ఏ೐ܭ

 

3.4 

 

Figure 3.15: PDD under observer based state feedback speed controller 
 

GA tuning of the controller gains and Simulink model has been described early in the 

Chapter and it is under similar condition to both PI and IP, the speed is set from 0 to 

100 rpm, and the load torque profile is shown in Figure 3.5. 

Figure 3.16 shows the HSR response under the SFBK controller, where the speed is 

measured directly from the model as shown in Figure 3.15. Based on this measurement 

the observer estimates the unmeasured states to construct the state feedback, including 

the speed of the LSR.  

Figure 3.17 shows the LSR response under the SFBK controller, where the controller 

exhibits good disturbance rejection and speed tracking, with significant reduction on 

visible oscillations. 
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Figure 3.16: PDD response of the HSR ߱௛ under SFBK controller. 
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Figure 3.17: PDD response of the LSR ߱௢ under SFBK controller. 
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Figure 3.18 shows the referred angle ߠ௘ response to the load torque; the peak at time 

2 seconds when the torque is applied has been reduced significantly in comparison with 

the PI and IP. With SFBK the referred angle had no oscillations and this means that the 

speed of the two rotors have been well synchronised. As a result, the speed output has 

no visible oscillations. 

 

 

Figure 3.19 shows the ݀ݍ-axis current where the torque producing current shows a 

very good synchronisation with the applied torque ensuring the referred angle is always 

within the stable region and the speed of the rotors is always synchronised. 

Figure 3.18: Referred angle ߠ௘under SFBK 
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Figure 3.19: Simulated ݅ௗ and ݅௤ currents 
 

3.4.2 Reduce Order Observer Design 

In order to implement the state feedback controller, all the states must be available. 

However, for this application only the speed of the HSR is measured directly, and the 

other states, viz., the speed of the LSR ߱௢ and the referred angle ߠ௘ can only be 

estimated. The reduced order observer shown in Figure 3.20 can reconstruct the non-

measurable part of the state vector for the system given by 3.5, from the measured 

outputs, y, and controls, u. 
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Figure 3.20: Schematic of reduced order observer. 
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ሶݔ ൌ ݂ሺݔሻ ൅ ݑܤ ൅  ሻݐሺݓ

࢟ ൌ ݔܥ ൅  ሻݐሺݒ

3.5 

 
where 

࢞ ൌ ሾݔ௔  ௕ሿݔ
 

௔ݔ   ൌ ߱௛ 
 

࢈࢞ ൌ ሾ߱௢, ,௘ߠ ௅ܶሿ் 
 

࡮ ൌ ൤
1
௛ܬ
, 0,0,0൨

்

 

 
࡯ ൌ ሾ1,0,0,0ሿ 

 
࢛ ൌ ௘ܶ 

3.6 

 

 ሻ represent theݐሺݒ ሻ is the process noise associated with model uncertainties andݐሺݓ

measurement noise. ࢞ and ࢟ denotes as the state vector and output vector, respectively. 

Assuming that all damping effect is negligible and the rate of change of the load torque 

is zero or it changes very slowly compared to the dynamic response of the observer, the 

vector function ݂ሺݔሻ of the PDD dynamic system is given by 

݂ሺݔሻ ൌ ሾ ଵ݂ሺݔሻ, ଶ݂ሺݔሻ, ଷ݂ሺݔሻ, ସ݂ሺݔሻሿ் 
 

ଵ݂ሺݔሻ ൌ െ ௠ܶ௔௫

௥ܩ௛ܬ
 ௘ሻߠሺ ݊݅ݏ

 

ଶ݂ሺݔሻ ൌ
௠ܶ௔௫

ܬ
௘ሻߠሺ݊݅ݏ െ

௅ܶ

ܬ
 

 

ଷ݂ሺݔሻ ൌ ௛߱௛݌ െ ݊௦߱௢ 
 

ସ݂ሺݔሻ ൌ 0 

3.7 

 

The Jacobian matrix ܨሺݔሻ ൌ   డ௙
ሺࢁ,ࢄሻ

డࢄ
 is given by 
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ሻ࢞ሺࡲ ൌ

ۏ
ێ
ێ
ێ
ێ
ۍ 0 0 െ ௠ܶ௔௫

௥ܩ௛ܬ
ݏ݋ܿ ሺߠ௘ሻ 0

0 0 ௠ܶ௔௫

ܬ
௘ሻߠሺݏ݋ܿ െ

1
ܬ

௛݌ െ݊௦ 0 0
0 0 0 0 ے

ۑ
ۑ
ۑ
ۑ
ې

 3.8 

 

The observer design is to find the ࡸ matrix which can be selected to place, arbitrarily, 

the eigenvalues of ࢈࢞ࡷ and, hence, modifies the behaviour of the state estimation error. 

The poles of the observer are typically placed far to the left of the dominant poles of the 

closed loop state feedback system. Since the speed ߱௛ from the HSR is directly 

measured through a resolver; the states of the LSR ߱௢, the referred angle ߠ௘ and the 

load torque  ௅ܶ are estimated. In addition, although the observer gains vector ࡸ could be 

designed using a simple pole placement method, but the performance may not be 

desirable when the system exhibits non-linear characteristics due to control saturation 

and non-linear stiffness of the magnetic spring. For the purpose of achieving optimum 

performance the observer gains have been tuned with GA. It has been shown that the 

proposed tuning technique is powerful and effective and could be used for higher order 

systems and in solving complex engineering problems. The relevant gain matrices are 

given in 3.9, the observer design parameters are given in Chapter2 Table 1.    

 

௫௕ࡷ ൌ ௕௕࡭ െ  ௔௕࡭ࡸ
 

௬ࡷ ൌ ௕௔࡭  െ ௔௔࡭ࡸ                                                  

 
௨ࡷ ൌ ௕ࡳ െ  ௔ࡳࡸ

 
 

3.9 
 
 

Where, 

௕௕࡭ ൌ ቎
0 ೘்ೌೣ

௃
௘௥ሻߠሺݏ݋ܿ െ ଵ

௃

െ݊௦ 0 0
0 0 0

቏ 

௔௕࡭ ൌ   ൤0 െ ௠ܶ௔௫

௥ܩ௛ܬ
௘௥ሻߠሺ ݏ݋ܿ 0൨ 

௕௔࡭ ൌ ሾ0, ,௛݌ 0ሿ் 

௔௔࡭ ൌ ሾ0ሿ 

3.10 
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௔ࡳ ൌ
ଵ

௃೓
 

௕ࡳ ൌ ሾ0,0,0ሿ் 

 .௘௥ is the referred angle at the rated torqueߠ

 
 
3.10 

 
The gain matrix ࡸ is obtained using Ackermann’s formula in Matlab as follows 

ࡸ ൌ ,௕௕Ԣ࡭ሺݎ݁݇ܿܽ ,௔௕Ԣ࡭  ሻ 3.11ࡼ

where ࡼ is the vector containing the poles to be placed in the desired location, since the 

order of the reduced order observer is three, the desirable poles are selected to contain 

one negative real pole and one complex conjugate pair, defined by three positive 

parameters, ݇ଵ ,݇ଶ and ݇ଷ, where ݆ is the imaginary unit. 

ࡼ ൌ ሾെ݇ଵ െ ݇ଶ േ ݆݇ଷሿ 3.12 

 

Initially, ݇ଵ and ݇ଶ are chosen to yield sufficiently higher observer bandwidth than 

those of the system states. The observer parameters are further tuned in a similar 

manner to the controllers. To evaluate the fitness in GA, the difference between the 

measured output ߱௢ from the model in Figure 3.15 and the output of the observer in 

Figure 3.20 is used to evaluate the fitness function. The responses obtained from the 

observer and the model are shown in Figure 3.21 as the measured and estimated speed 

of the HSR. The reduced order observer does not estimate ߱௛ it just feeds it through, for 

the purposes of completeness it is shown as estimated in this figure.   

Figure 3.22 shows the model simulated and the observer estimated speed of the LSR; 

the two signals match really well in both transient and steady state, even under load 

torque transient the observer provided excellent tracking performance, and load 

rejection characteristics. 
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Figure 3.21: Simulated and estimated ߱௛ 

Figure 3.22: Simulated and estimated ߱௢ 
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Figure 3.23 show the simulated and estimated referred angle, in order to design the 

reduced order observer the referred angle had to be linearised around an operating point, 

the referred angle is linearised around the rated torque, for this reason the figure shows 

mismatch between the estimated and the simulated signal from time 0 to 2 sec where 

only friction torque exists. However, when the rated torque is applied the two angles 

match very well. Therefore the mismatch occurs when the load torque is different from 

the linearised point; the mismatch is minimised when the torque move towards the 

linearised point, where the mismatch is close to zero. 

Figure 3.24 shows the simulated and estimated load torque  ௅ܶ, where the estimated 

load torque match the simulated very well. 

Figure 3.23: Simulated and the estimated referred angle ߠ௘ 
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3.4.3 Sensitivity Analysis of Reduce Order Observer  

The observer has been designed to have higher bandwidth than that of the 

mechanical quantities being observed. Electrical quantities are not part of the observer 

design and hence they do not affect its performance. It could be seen that the observer is 

designed based on the Jacobian matrix in (3.8), where most parameters are constant and 

form part of the physical design of the machine such as the gear ratio ݎܩ ൌ ௡ೞ
௣೓

 , ௠ܶ௔௫ the 

maximum torque transmission capability of the machine specified in the design, ܬ௛ the 

HSR MOI. The pole-piece rotor MOI ܬ௢ is also constant from the initial design of the 

machine and will not change. However, some parameters can vary such as the load MOI 

 ௅ dictated by the load and the load torque ௅ܶ which is directly reflected to the observerܬ

through the referred angle ߠ௘. For this reasons the sensitivity analysis of the observer 

will be focused only on the load MOI and load torque variation. The plant’s load MOI is 

varied in four steps, 
ଵ

ଶ
. ,௅ಿܬ ,௅ಿܬ 3. ,௅ಿܬ 4.  ௅ಿ is the nominal load MOI, whileܬ ௅ಿ, whereܬ

the observer and the SFBK controller parameters are not modified in any way from the 

design and tuning stated previously. The response with the nominal ܬ௅ಿ has already been 

presented in Figure 3.22. The Figure 3.25 to Figure 3.27 show the responses to load 

Figure 3.24: Simulated and estimated ௅ܶ 
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MOI in following steps ଵ
ଶ
. ,௅ಿܬ 3. ,௅ಿܬ 4.  .௅ಿ, respectivelyܬ

 

 

Figure 3.25: Simulated and estimated ߱௢ with load MOI ܬ௅  ൌ  ௅ಿܬ ½ 

Figure 3.26: Simulated and estimated ߱௢ with load MOI ܬ௅  ൌ  ௅ಿܬ 3 

0 1 2 3 4 5 6
0

20

40

60

80

100

120

140

Time (s)

Sp
ee

d 
(r

pm
)

 

 

Simulated o

Estimated o

0 1 2 3 4 5 6
0

20

40

60

80

100

120

140

Time (s)

Sp
ee

d 
(r

pm
)

 

 

Simulated o

Estimated o



Control of PDD with feedback from high-speed rotor                                                                     Chapter 3  

 
69Control of Pseudo Direct Drive

 

The results clearly show that the observer is not sensitive to load MOI variation up to 

 ௅ಿ. However, above this value a mismatch between the observer and the plant startsܬ × 3

to appear, as for larger MOIs of 4 × ௅ܶಿ and above the transient response shows loss of 

tracking and the performance deteriorates, the response is plotted in Figure 3.27. 

The second parameter that can affect the performance of the observer is the referred 

angle. By increasing the load torque in the plant ߠ௘ increases according to (3.13) against 

the required electromagnetic torque applied on the LSR. ߠ௘ has been linearised around 

the rated torque of 100Nm in the observer design as described in (3.10).  

௘ܶ௠ ൌ ௠ܶ௔௫sin ሺߠ௘ሻ 3.13 

To test the sensitivity of the observer to load torque change, the plant will be 

subjected to a set of load torques, since the system has already been tested unloaded and 

under rated load torque as shown in Figure 3.22, two different load torques equivalent to 

the maximum and half of the rated torque are also applied to the plant, the results are 

shown in Figure 3.28 and Figure 3.29. The observer has produced excellent tracking 

Figure 3.27: Simulated and estimated ߱௢ with load MOI ܬ௅  ൌ  ௅ಿܬ 4
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performance for both load torques in transient and steady state, it is therefore clear that 

the observer is not sensitive to load torque change. 

 
Figure 3.28: Simulated and estimated ߱௢ with load torque ௅ܶ =123Nm 

Figure 3.29: Simulated and estimated ߱௢ with load torque ௅ܶ = 50Nm 
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The results show that the performance obtained by the linear observer is excellent, it 

is clear that the bandwidth of the observer is much higher than the mechanical quantities 

being observed, as this ensures fast convergence. Simulation demonstrates that the 

proposed GA tuning method is very effective for such a high order, non-linear and 

complex system where classical methods are not directly applicable. 

The SFBK controller tuned with GA had excellent performance over PI and IP. In 

order to establish and quantify these characteristics the same systems are analysed in 

frequency domain, where poles and zeros are plotted and related to the bandwidth and 

damping characteristics of the closed loop system. Due to the good tracking 

performance obtained by the observer, it will be considered ideal in frequency domain 

analysis and the effects of observer errors will be neglected.     

3.5 Frequency Domain Analysis for PDD in Closed Loop Control 

 
The time domain simulation of PDD under PI controller shows oscillations on the 

output, an improved response has been obtained with IP, while the SFBK has achieved 

an excellent response in speed tracking, load disturbance rejection and torsional 

oscillations elimination. In order to understand the cause of oscillations and the 

performance difference in the three controllers in closed loop, a complex frequency 

domain analysis is performed on the system in Figure 3.15. The state space model 

includes the speed and current controllers, with the same gains used in time domain 

simulation, the electrical and mechanical models. The poles and zeros will be plotted in 

the s-plane and the damping and stability is determined. Furthermore, the parameters 

variation of the PDD will be also studied to test the robustness of the controllers and 

sensitivity to parameters variation. 

To examine the dynamic behaviour and the damping of the closed loop system in 

Figure 3.15. The state space equations of the closed loop system with the proposed 

SFBK controller may be represented as follows 

ሶܺ ൌ ݂ሺܺ, ܷሻ 3.14

where X and U are the vectors of the state variables and inputs, respectively, and 

݂ሺܺ, ܷሻ is the vector of the non-linear functions of X and U [45]. They are given by 
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ࢄ ൌ ൣ݅ௗ   ݅௤   ݔ஽   ݔொ   ݔ   ߱௛   ߱௢   ߠ௘൧
்
 

ࢁ ൌ ߱ௗ 

ሻ࢞ሺࡲ ൌ ሾ ଵ݂ሺݔሻ   ଶ݂ሺݔሻ   ଷ݂ሺݔሻ   ସ݂ሺݔሻ   ହ݂ሺݔሻ   ଺݂ሺݔሻ   ଻݂ሺݔሻ  ଼݂ ሺݔሻሿ் 

 for the corresponding states ࢁ and ࢄ ሻ is the vector of the non-linear functions ofࢁ,ࢄሺࡲ

presented in the following equations: 
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3.15

The set of equations in (3.15) represent the dynamics governing the system in Figure 

3.15, where ݅ௗ and ݅௤ are the ݀ݍ-axis currents respectively. ݔ஽ and ݔொ are the internal 

states of the ݀- and ݍ-axis current PI controllers respectively. ݔ is the internal state of 

the speed PI controller, ܭ௣ௗ and ܭ௣௤ are the proportional gains of the ݀ݍ-axis current 

controller respectively. ܭ௜ௗ and ܭ௜௤ are the integral gains of the ݀ݍ-axis current 

controllers respectively, the design of the current controller has been included in 

Chapter 2. ܭఠ೓
, ఠ೚ܭ

, ,ఏ೐ܭ  ௜ are the proportional and integral gains of the speedܭ  ௦ andܭ
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controller. The Jacobian matrix is obtained by 

࡭ ൌ
߲݂ሺࢄ, ሻࢁ

ࢄ߲
ቤ
௑ୀ௑బ
௎ୀ௎బ

                    

࡮ ൌ
߲݂ሺࢁ,ࢄሻ

ࢁ߲
ቤ
௑ୀ௑బ
௎ୀ௎బ

 

࡭ ൌ

ۏ
ێ
ێ
ێ
ێ
ێ
ێ
ێ
ێ
ێ
ێ
ێ
ێ
ێ
ێ
ێ
െۍ

ܴ ൅ ௣ௗܭ
ௗܮ

0
1
ௗܮ

0 0 0 0 0

0 െ
ܴ ൅ ௣௤ܭ
௤ܮ

0 
1
௤ܮ

௣௤ܭ
௤ܮ

െ
௣ܭ௣௤ܭ ൅ ௛߰௠݌

௤ܮ
െ
ఠ௢ܭ௣௤ܭ
௤ܮ

െ
ఏ௘ܭ௣௤ܭ
௤ܮ

െܭ௜ௗ 0 0 0 0 0 0 0

0 െܭ௜௤ 0 0 ௜௤ܭ െܭ௜௤ܭఠ೓ െܭ௜௤ܭఠ೚ െܭ௜௤ܭఏ೐

0 0 0 0 0 െܭ௜ܭ௦ െܭ௜ ൅ ௥ܩ௦ܭ௜ܭ 0

0
௧ܭ
௛ܬ

0 0 0 0 0 െ ௠ܶ௔௫

௥ܩ௛ܬ
cos ሺߠ௘ሻ

0 0 0 0 0 0 0 ௠ܶ௔௫

ܬ
cos ሺߠ௘ሻ

0 0 0 0 0 ௛݌ െ݊௦ 0 ے
ۑ
ۑ
ۑ
ۑ
ۑ
ۑ
ۑ
ۑ
ۑ
ۑ
ۑ
ۑ
ۑ
ۑ
ۑ
ې

 

࡮ ൌ

ۏ
ێ
ێ
ێ
ێ
ێ
ێ
ۍ
0
0
0
0
௜ܭ
0
0
0 ے
ۑ
ۑ
ۑ
ۑ
ۑ
ۑ
ې

 

࡯  ൌ ሾ0 0 0 0 0 0 1 0ሿ   

ࡰ ൌ ሾ0ሿ 

3.16

where ࡭ is the state matrix in closed loop, ࡮ is the input vector, ࡯ is the output vector   

From the linearized state-space equations, closed-loop transfer functions between the 

speed demand and speed output can be explicitly obtained and plotted in Figure 3.30 

and Figure 3.31.  Where the poles are marked with “x” and zeros in “o” and the system 

is initially under no load torque. The overlapping poles on the negative real axis close to 

the origin are related to the electric time constant of the ݀- and ݍ- axis currents. Their 
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effects are cancelled by two zeros through the pole/zero cancellation in the current 

controller design. The complex conjugate pole-pair with great negative real part is 

associated with interaction of the SFBK control with the mechanical dynamics of the 

PDD. However, the dominant pole-pair of the closed loop system is the complex 

conjugate pole-pair with far less negative real and the imaginary close to the torsional 

resonant frequency given in Chapter 2. The complex pair of zeros, representing the anti-

resonant frequency, is very close to the dominant poles. The load torque, motor/load 

MOI, gear ratio, magnetic damping and the stiffness of the magnetic gear influence the 

location of the dominant pole-pair and hence the dynamic behaviour of the closed loop 

drive system. 

 

Figure 3.32 shows the dominant poles of the closed loop system under SFBK 

controller, where much more damping has been achieved with this controller by using a 

well-tuned SFKB controller the poles are placed such that the ITAE is minimised, hence 

optimum damping and bandwidth is achieved. This also confirms the time domain 

simulation results that show the system having achieved more damping by reducing the 

oscillations in the output. 

Figure 3.30: Poles and zeros distribution for ሻݏଵሺܩ ൌ
ఠ೓

ఠ೏
 under SFBK. 
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Figure 3.31: Poles and zeros distribution for ሻݏଶሺܩ ൌ
ఠ೚

ఠ೏
 under SFBK. 

Figure 3.32: Dominant poles of the closed loop system under SFBK 
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Similar derivation to the SFBK is used to establish the closed-loop system in 

frequency domain for the system with the IP and PI control, detailed derivation is 

provided in APPENDIX . The results are presented below. 

The poles and zeros distribution is presented for IP in Figure 3.33 and Figure 3.34. In 

comparison with the pole distribution obtained with SFBK controller, the dominant 

complex poles could not be moved further away from the imaginary axis to provide the 

system with better damping. 

 

Figure 3.35 shows the dominant poles of the closed loop system under the IP 

controller. The lower damping ratio and less negative real part indicate a significant 

reduction in damping and bandwidth in comparison to the SFBK control. This reflects 

the time domain simulation which also shows a reduced performance compared to 

SFBK. 

Figure 3.33: Poles and zeros distribution for ሻݏଵሺܩ ൌ
ఠ೓

ఠ೏
 under IP. 
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The system under the PI control has similar distribution to that of the IP. However, 

Figure 3.34: Poles and zeros distribution for ሻݏଵሺܩ ൌ
ఠ೚

ఠ೏
 under IP. 

Figure 3.35: Dominant poles of the closed loop system under IP controller. 
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the PI has a zero related to the PI controller close to the origin. It is not present in the IP 

due to the controller structure as it is shown in Figure 3.36 and Figure 3.37. 

Figure 3.36: Poles and zeros distribution for ሻݏଵሺܩ ൌ
ఠ೓

ఠ೏
 under PI. 

 

Figure 3.37: Poles and zeros distribution for ሻݏଶሺܩ ൌ
ఠ೚

ఠ೏
 under PI. 

-2500 -2000 -500 0

-100

0

100

Real (rad/s)

Im
ag

 (
ra

d/
s)

resonance and anti
resonance frequencies

bandwith of the
current controllers

time constant of the 
d,q axis currents

interaction of the speed
controller with motor dynamics

-2500 -2000 -500 0

-100

0

100

Real (rad/s)

Im
ag

 (
ra

d/
s)

resonance
frequency

time constant
of the d,q axis
currents

bandwith of the
current controllers

interaction of the speed
controller with motor
dynamics



Control of PDD with feedback from high-speed rotor                                                                     Chapter 3  

 
79Control of Pseudo Direct Drive

A zoomed view at the dominant poles from Figure 3.37 can show the damping 

provided by the controller in closed loop. The little damping of (0.023) may have 

contributed greatly to the oscillations that appeared in the PDD output, which was also 

observed in the time domain simulation.   

Figure 3.38: Dominant poles of the closed loop system under PI controller.  

 

The state feedback controller has provided more damping and bandwidth to the PDD 
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studied in the subsequent section.   
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3.6 Influence of Parameter Variation on the PDD Dynamics 

 

It is well known that the influence of parameter variations due to (ܮ, ܴ௦, ௠) on the 

dynamic response is minimised by feedback actions of the inner current control loop 

with sufficiently high bandwidth, and it is indeed a common practice to employ PI 

current controller for this purpose. The damping coefficient ܤ is set to zero in the 

control design. This represents the worst case, as in a real physical system there is 

always some damping albeit it may be very small. The effect of the load MOI and the 

load torque ௅ܶ variations on the system performance under SFBK, has been investigated 

in Section 3.4.3 in time domain, it has been concluded that SFBK and the observer are 

not sensitive to limited variations of load torque and MOI.  

The open loop response of the PDD in time domain shows that the MOI ratio has 

direct effects on the damping. For ܴ ൏ 1 larger oscillations are observed in the PDD 

output speed of the LSR, while for ܴ ൒ 1 the magnitude of the oscillations is reduced. 

This has been demonstrated in Chapter 2. In order to quantify the influence of the MOI 

variation on the controller performance in term of damping and bandwidth, the MOI 

ratio defined ܴ is varied in five steps ܴ ൌ 0.125, ܴ ൌ 0.25, ܴ ൌ 0.56,   ܴ ൌ 1,   ܴ ൌ

2, the controller gains for the controllers have been tuned with the nominal value of 

ܴ  ൌ  0.56 as this present the physical system. The dominant poles of the controllers are 

plotted for the PI, IP and SFBK controllers. 

Figure 3.39 shows the resultant dominant poles under the PI control to the MOI 

variation. By increasing the MOI ratio the damping has increased, where it is observed 

that smaller load MOI results in less damping and hence more oscillations in the output 

of the LSR. It has been shown that the damping is reduced by an order of magnitude 

over the variation range. However, the damping and bandwidth are still very poor even 

when the ratio is increased to ܴ ൌ 2. 
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Figure 3.39: Dominant poles when varying the MOI ratio ܴ for PI.  
 

Figure 3.40 shows the effect of the MOI ratio on the damping when the IP control is 

implemented. It is clear that the dominant poles of the closed loop system show a high 

level of sensitivity to the MOI variation, and any decrease in ܴ results in significant 

reduction in the damping. More specifically the figure shows the damping has been 

reduced by an order of magnitude and the bandwidth by more than half when ܴ is 

reduced from ܴ  ൌ  0.56 to ܴ  ൌ  0.125. Also the bandwidth may be reduced 

significantly when ܴ is increased to ܴ  ൌ  2 as the two real poles are pushed further 

towards the origin reducing the system bandwidth.  

Figure 3.41 shows the pole variation with the MOI ratio when the SFBK is 

implemented. It has been seen that although the damping is reduced when ܴ ൌ 0.125 to 

0.14 which is the worst case for SFBK, it is still better than the damping achieved by the 

PI by more than an order of magnitude and by the IP under its optimum condition. 

Moreover, the SFBK also has shown a little variation in the bandwidth over the MOI 

ratio range. Therefore, SFBK shows more robustness towards parameters variation by 

maintaining good performance under MOI ratio variation. 
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Figure 3.40: Dominant poles when varying the MOI ratio ܴ for IP. 

Figure 3.41: Dominant poles when varying the MOI ratio ܴ for SFBK 
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To investigate the effect of the load torque on the dynamics behaviour of the PDD 

under the proposed controller the candidate controller has been subjected to different 

load torques varying in three steps  ௅ܶ ൌ 0 N.m, ௅ܶ ൌ 50 N.m, ௅ܶ ൌ 100 N.m, the MOI 

ratio is fixed to ܴ  ൌ 0.56. 

Figure 3.42 shows the dominant poles under load torque variation with the PI 

controller. It seems that the load torque increase added a slight amount of damping to 

the system. However, the increase is barely noticeable as the damping only increased 

from 0.02 to 0.03 with small decrease in the bandwidth.  

Figure 3.42: Dominant poles when varying the load torque ௅ܶ for PI 
 

Figure 3.43 shows the dominant poles under the IP controller. It is evident that the 

load toque did not have a significant effect on damping as it has remained nearly 

constant. However, the bandwidth has been reduced by more than 15% with the load 

torque increase.  
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Figure 3.44 shows the dominant poles under the SFBK when the load torque is 

varied. As will be seen, the load torque variations have only a little effect on the 

damping. When the load torque increases there is no significant reduction in the 

bandwidth, with a small improvement in the damping. This is in contrast to the PI and 

IP controllers where significant deterioration in the bandwidth and damping is observed. 

The SFBK controller exhibits a minor reduction in bandwidth by no more than 5% with 

increase in damping of more than 15 % when the load torque is varied from 0% to 

100% 

Figure 3.43: Dominant poles when varying the load torque ௅ܶ for IP 
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It follows that the GA tuned SFBK control is robust with respect to load torque and 

MOI variation while the PI and IP controllers appear to be more sensitive to both MOI 

and load torque variations. 

3.7 Summary 

 

This chapter has addressed PDD control with one sensor on the HSR. Three 

candidate controllers PI, IP, SFBK have been employed to control the PDD under this 

condition. GA has been utilised as a tuning mechanism to optimise the controllers for 

optimum performance. The tuning method enables the controllers to reach their 

optimum performance, where the main goal is to eliminate torsional oscillations on the 

PDD output. Time domain simulations have evaluated the performance of each of the 

three controllers, and this has been followed by frequency domain analysis to establish 

and quantify the cause of the oscillations. The proposed SFBK control has been realised 

together with the linear observer. The sensitivity of the proposed observed based state 

feedback controller with respect to load MOI and load torque variations has been 

thoroughly investigated in both time and frequency domains. 

Figure 3.44: Dominant poles when varying the load torque ௅ܶ for SFBK 
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Chapter 4 
 

4. CONTROL OF PDD WITH FEEDBACK FROM LOW-

SPEED ROTOR 

4.1. Introduction 

Permanent magnet synchronous AC motors are well known for their high torque 

production. They are typically controlled using inverters employing field oriented 

control (FOC), which requires rotor position for electronic commutation. The position 

of the rotor is usually obtained by direct measurement using devices such as a resolver 

or encoder on the output shaft as shown in Figure 4.1. 

Using the rotor position, FOC ensures the flux is correctly oriented with the phase 

 

Figure 4.1:   PM machine controlled by conventional commercial drive. 
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currents for optimum torque production. Therefore, the voltage vector applied to the 

motor via pulse width modulation (PWM) is regulated by the FOC which maintains the 

phase relationship or angle between the rotor position and the demanded three phase 

currents. The three phase currents are temporally distributed by 120 and flow in a three 

phase winding that is 120 spatially distributed (electrical degrees). The resultant 

rotating flux axis is orthogonal (90) to the rotor flux axis, Figure 4.2. 

 

Motor control could be achieved with the PDD by implementing FOC, where the 

position of the HSR is required for its operation. For small size PDDs the HSR can be 

made accessible for fitting a position sensor with a mechanical arrangement as it has 

been discussed in Chapter 3, Figure 3.1. With an accessible HSR the PDD may employ 

FOC using measured position of the HSR.  

However, for large PDDs this design cannot necessarily be implemented due to the 

large amount of stress applied on the shaft, bearings and also the torsional forces 

applied to the pole-piece structure, if torque is only reacted at one end of the shaft. To 

provide a robust mechanical design, it is preferable for the HSR to be fully enclosed by 

the LSR as shown in Figure 4.3. However, in this case the HSR is not accessible, and 

Figure 4.2:  Phase currents, electrical and mechanical angular displacements for a 2 

pole-pair PM machine. 
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the position of the rotor may not be directly measured for FOC. The only available shaft 

for fitting a measurement sensor is the LSR which is the output rotor connected to the 

load. However, the measurement obtained from this rotor cannot be directly used for 

FOC, as this does not reflect the HSR position. The low stiffness and non-linearity of 

the magnetic gearing means that it is not possible to accurately estimate the position of 

the HSR from the position of the LSR simply using the gear ratio. As shown in Figure 

4.3, the HSR is fully enclosed or enveloped by the LSR, and rotates on bearings 

mounted on the rotating shaft of the low-speed rotor. In this arrangement, it is 

impractical to measure directly the angular position of the HSR since it is not possible 

to provide electrical connections or leads to a position sensor through the enveloping 

LSR.  

This Chapter addresses the problem of operating the PDD with a sensor on the LSR 

by providing a technique for estimating the position of a HSR using a model-based 

observer, derived from the mechanical equations governing the HSR and LSR. 

 

 

 

Figure 4.3: Axial cross-section of the Pseudo Direct Drive. 
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4.2. Controller Design 

As has been demonstrated in Chapter 3, the state feedback (SFBK) control is 

effective in suppression torsional oscillation and in disturbance rejection. The same 

control strategy is employed for PDD control with position/speed feedback on the LSR. 

The closed loop speed control is shown in Figure 4.4, where the system states required 

for the speed feedback control are estimated by an observer using measured LSR speed. 

Although the SFBK controller has already been implemented in Chapter 3, the SFBK 

controller gains with a different observer must be re-tuned with GA to optimise the 

dynamic performance.  

Table 4.1 list the gains tuned by GA against the same ITAE criteria and under the 

same voltage and current constraints. 

 

Controller Gains 

SFBK 

ఠ௛ܭ ൌ 0.27 ሺA/ሺrad/sሻሻ 
ఠ௢ܭ ൌ 0.1ሺA/ሺrad/sሻሻ 
ఏ೐ܭ  ൌ 15 (A/rad) 

௦ܭ ൌ 0.1  (dimensionless) 
௜ܭ ൌ 12 (1/s) 

 
Table 4.1: Controller gains obtained by GA tuning. 

The current controller is similar to that used in Chapter 3 but the angular position of 

the HSR necessary for Park and Clarke transformations has to be derived from the 

observer since the HSR is considered not to be accessible. ݅ௗ is set to zero since field 

weakening control is not required. The observer design and tuning will be presented 

later in the section. 
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Figure 4.4:  PDD under observer based state feedback speed controller 

Since the position of the LSR is measured, the position of the HSR needed for 

electronic commutation is estimated with an observer. In this section, the results from 

simulations will be presented. In this context when using the term measured, it is to 

indicate signal measured from simulated model and not to be confused with hardware 

measurement. Furthermore, for the purpose of validating the observer performance, it is 

assumed that all signals from the simulated model are available for measurement, but 

only the position and speed of the LSR is continuously measured and used in the speed 

feedback. 

4.3. Reduced Order Observer 

In order to implement the state feedback controller, all the states must be available. 

However, in real system only the speed of the LSR is directly measured with a sensor, 

and the other states, viz., the speed of the HSR ߱௛ and the referred angle ߠ௘ can only be 

estimated. The reduced order observer shown in Figure 3.20 can reconstruct the non-

measurable part of the state vector for the system given by (3.5), from the measured 

outputs, y, and controls, u. 

While the principles of the observer structure and design are similar to those 

described in Chapter 3, the details of the states and outputs are different and they are 

presented for clarity in this section. 
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Figure 4.5: Schematic of reduced order observer. 
 

ሶ࢞ ൌ ݂ሺݔሻ ൅ ݑܤ ൅  ሻݐሺݓ

࢟ ൌ ݔܥ ൅  ሻݐሺݒ

 

4.1 

 
where 

࢞ ൌ ሾݔ௔  ௕ሿݔ
 

௔ݔ   ൌ ߱௢ 
 

࢈࢞ ൌ ሾ߱௛, ,௘ߠ ௅ܶሿ் 
 

࡮ ൌ ൤0,
1
௛ܬ
, 0,0൨

்

 

 
࡯ ൌ ሾ1,0,0,0ሿ 

 
࢛ ൌ ௘ܶ

4.2 

 ሻ represent theݐሺݒ ሻ is the process noise associated with model uncertainties andݐሺݓ

measurement noise. ࢞ and ࢟ denotes as the state vector and output vector, respectively. 

Assuming that all damping effect is negligible and the rate of change of the load torque 

is zero or it changes very slowly compared to the dynamic response of the observer, the 

vector function ݂ሺݔሻ of the PDD dynamic system is given by 
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݂ሺݔሻ ൌ ሾ ଵ݂ሺݔሻ, ଶ݂ሺݔሻ, ଷ݂ሺݔሻ, ସ݂ሺݔሻሿ் 
 

ଵ݂ሺݔሻ ൌ
௠ܶ௔௫

ܬ
௘ሻߠሺ݊݅ݏ െ

௅ܶ

ܬ
 

 

ଶ݂ሺݔሻ ൌ െ ௠ܶ௔௫

௥ܩ௛ܬ
 ௘ሻߠሺ ݊݅ݏ

 

ଷ݂ሺݔሻ ൌ െ݊௦߱௢ ൅  ௛߱௛݌
 

ସ݂ሺݔሻ ൌ 0 

4.3 

 

The Jacobian matrix ܨሺݔሻ ൌ   డ௙
ሺࢁ,ࢄሻ

డࢄ
 is given by 

 

ሻ࢞ሺࡲ ൌ

ۏ
ێ
ێ
ێ
ێ
ۍ 0 0 ௠ܶ௔௫

ܬ
௘ሻߠሺݏ݋ܿ െ

1
ܬ

0 0  െ ௠ܶ௔௫

௥ܩ௛ܬ
 ௘ሻߠሺ ݏ݋ܿ 0

െ݊௦ ௛݌ 0 0
0 0 0 0 ے

ۑ
ۑ
ۑ
ۑ
ې

 4.4 

The relevant observer gain matrices are given in (4.5); the design of the observer 

gain matrix ࡸ has been described in Chapter 3, and hence omitted from this section, the 

resulted gain vector is 

ࡸ  ൌ ൦

1.194

0.057

െ1.640

൪ 

௫௕ࡷ ൌ ௕௕࡭ െ  ௔௕࡭ࡸ
 

௬ࡷ ൌ ௕௔࡭  െ ௔௔࡭ࡸ                                                  
 

௨ࡷ ൌ ௕ࡳ െ  ௔ࡳࡸ

4.5 

 

where, 
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௕௕࡭ ൌ ൦
0 െ ௠ܶ௔௫

௥ܩ௛ܬ
ݏ݋ܿ ሺߠ௘௥ሻ 0

௛݌ 0 0
0 0 0

൪ 

 

௔௕࡭ ൌ   ൤0
௠ܶ௔௫

ܬ
௘௥ሻߠሺݏ݋ܿ െ

1
ܬ
൨ 

 
௕௔࡭ ൌ ሾ0,െ݊௦, 0ሿ் 

 
௔௔࡭ ൌ   ሾ0ሿ 

 
௔ࡳ ൌ 0 

 

௕ࡳ ൌ ൤
1
௛ܬ
, 0,0൨

்

 

 .௘௥ is the referred angle at the rated torqueߠ

4.6 

 

The observer is placed in the feedback system as shown in Figure 4.4. The estimated 

states from the observer are plotted together with the measured states from the model in 

Figure 4.6 to Figure 4.8 under the load torque profile shown in Figure 4.9. 

Figure 4.6 shows the speed of the LSR, both estimated and measured, the observer 

does not estimate the LSR, and hence it is directly fed from the measured rotor and 

plotted for completeness purposes. Figure 4.7 shows the measured HSR (not used in the 

feedback system and only used for validation) and the estimated speed of the HSR; the 

observed signal is clearly tracking the measured HSR speed very well. Figure 4.8 shows 

the referred angle where both the estimated and measured agreed very well at full load. 

However, a steady state error appeared under no load condition. This is due to the 

linearization of the referred angle around the rated torque as discussed in Chapter 3. It is 

therefore important to know the expected operating point of the PDD so the 

linearization of the referred angle is performed accordingly. Figure 4.9 shows the 

estimated load torque applied on the PDD in steady both measured and estimated state 

agree very well in steady states. Since the dynamics of the load torque have been 

considered to be very slow in the design, and the rate of change is considered to be zero, 

the estimated load torque transient is slower than other dynamic states. 
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Figure 4.6: Simulated and estimated ߱௢ 

 

Figure 4.7: Simulated and estimated ߱௛ 
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Figure 4.8: Simulated and estimated referred angle ߠ௘ 
 

Figure 4.9: Simulated and estimated ௅ܶ 
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4.1.1 Sensitivity Analysis of Reduced Order Observer 

The sensitivity analysis of the observer had been discussed in Chapter 3, where the 

design and sensitivity has been discussed when the HSR is used for feedback. Since 

both observers use the same mechanical quantities and the same PDD mechanical 

governing equations, it was found that the observer for the HSR speed and position is 

also robust to parameter variations. To avoid repetition the sensitivity analysis of the 

observer is omitted in this section. 

4.1.2 Discussion 

To conclude, the observer has been successfully designed to estimate the HSR speed 

and the refereed angle needed to reconstruct the position of the HSR. The observer has 

shown very good performance under load torque equal to the rated torque. However, a 

steady state error in the estimated referred angle and load torque appears under no load 

or when the load torque is small. In general, if the PDD is operated at different point 

from that of the original design, a small estimation error may occur due to the effect of 

linearization. Although stability and operation are not compromised in any way, the 

maximum torque capability could be slightly reduced due to this position estimation 

error. 

 To improve the quality of the estimated referred angle where all operating points are 

optimally estimated within the PDD torque range, a new technique is needed, where the 

referred angle in the state matrix is optimally updated at every time step. The new 

observer would be a nonlinear observer such as the extended Kalman filter (EKF).  

4.4. High Speed Rotor Position Estimation 

The speed of the HSR estimated by the reduced order observer in Figure 4.4 may be 

further integrated to obtain the estimated position of the HSR. Figure 4.10 compares 

measured and estimated position of the HSR. As will be seen, noticeable difference 

between the two exists due to phase delay in the speed estimation and the accumulation 

of the speed estimation error through the integration. 



Control of PDD with Feedback From Low-Speed Rotor                                                                    Chapter 4  

 
97Control of Pseudo Direct Drive

Figure 4.10.  Simulated and estimated ߠ௛ obtained by direct integration

To circumvent this problem, the angular position of the HSR is calculated using the 

measured position of the LSR and the estimated referred angle ߠ෠௘ from the reduced 

observer according to (2.7) Thus, 

෠௛ߠ ൌ
1
௛݌
෠௘ߠ ൅

݊௦
௛݌
 ௢ߠ

 

4.7 

 

Figure 4.11 shows the measured angular position ߠ௛ of the HSR and the 

estimated ߠො݄ obtained using (4.7). It is evident that the estimation error has been 

significantly reduced to less than 1%. 

Thus the problem with accumulated speed estimation error in the HSR position is 

avoided, and the signal for electronic commutation is much more accurate. 
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Figure 4.11.  Simulated and estimated ߠ௛ obtained using new method based on (4.7).
 

4.5. Performance Evaluation 

With the good estimation of the commutation angle using the new method based on 

 ௘, the closed loop system in Figure 4.4 will be simulated over the following speedߠ

demand and load profiles 

 At t = 0 sec, the PDD is accelerated from 0 to 100rpm (LSR) 

 After 2 sec a load torque equivalent to the PDD rated torque of 100Nm is 

applied to the LSR for the duration of 3 sec. 

 The load is removed, the PDD continuous to run unloaded for 1 sec before 

starting to decelerate to zero rpm. 

 The PDD is accelerated in reverse direction to -100rpm and a load of 100Nm is 

applied at the same time for 4 sec 

The reference speed is set to zero at time t = 14 sec. The load torque profile of the drive 

cycle is shown in Figure 4.12. 

These speed and load profiles are designed to validate the following: 

 The ability to maintain reference speed against a large load torque variation. 

2.22 2.28 2.34 2.4

0

1

2

3

4

5

6.28

Time (s)

A
ng

le
 (

ra
d)

 

Measured

Estimated



Control of PDD with Feedback From Low-Speed Rotor                                                                    Chapter 4  

 
99Control of Pseudo Direct Drive

 The ability to start the PDD fully loaded from stand still. 

 The ability to maintain same torque per amp in both forward and reverse 

direction.  

By meeting these conditions the accuracy of the estimated commutation angle will be 

validated.  

Figure 4.13 to Figure 4.15 show the responses of the HSR speed, LSR speed and the 

referred angle to the speed demand and the load torque profile described above. The 

speed demand shown in dotted green in Figure 4.14 has been followed very well by the 

drive. Also the transient response to the maximum load torque change from 30 to 

100Nm has taken less than a second to reach steady state with no visible overshoot. 

Starting the system under the influence of full load torque of 100Nm has also been 

achieved within 1 second as shown from time 8 to 9 s. The PDD has been tested in both 

forward and reverse motoring, where the referred angle shows similar displacement in 

both directions. This indicates that the estimated HSR angle does not have a DC offset, 

and hence a well-balanced control has been achieved. This is further confirmed by ݅ௗ 

and ݅௤ currents shown in Figure 4.16. It clearly shows that the torque producing current 

ห݅௤ห is equal in both forward and reverse motoring, and this underlines that the 

maximum torque per amp has been successfully met. If this was not true the current in 

forward motoring would be different from reverse motoring.   
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Figure 4.12: Load torque ௅ܶ

 

Figure 4.13: Speed response of the HSR ߱௛ 
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Figure 4.14: Speed response of the LSR ߱௢ 
 

Figure 4.15: Referred angle ߠ௘
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Figure 4.16: ݅ௗ and ݅௤ currents 
 

It follows that the proposed control technique and observer structure yield very good 

PDD drive performance with position and speed feedback from the LSR.  

4.6. Extended Kalman Filter EKF 
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also given in (4.8), the PDD model and the Jacobian matrix are given in (4.9) and (4.10) 

respectively, they can be used to design an EKF [46]. According to the Kalman filter 

theory the system is disturbed by Gaussian white noises, which represent process and 

measurement error ݓሺݐሻ and ݒሺݐሻ, and their covariance matrices are denoted by ܳ and 

ܴௗ respectively. 

࢞ ൌ ሾ߱௛, ߱௢, ,௘ߠ ௅ܶሿ் 
 

࡮ ൌ ൤
1
௛ܬ
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࢛ ൌ ௘ܶ 
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௘ሻߠሺ݊݅ݏ െ

௅ܶ

ܬ
 

 
ଷ݂ሺݔሻ ൌ ௛߱௛݌ െ ݊௦߱௢ 

 
ସ݂ሺݔሻ ൌ 0 

4.9 

 

The Jacobian matrix ܨሺݔሻ ൌ   డ௙
ሺࢁ,ࢄሻ

డࢄ
 is given by: 

 

ሻ࢞ሺࡲ ൌ

ۏ
ێ
ێ
ێ
ێ
ۍ 0 0 െ ௠ܶ௔௫

௥ܩ௛ܬ
ݏ݋ܿ ሺߠ௘ሻ 0

0 0 ௠ܶ௔௫

ܬ
௘ሻߠሺݏ݋ܿ െ

1
ܬ

௛݌ െ݊௦ 0 0
0 0 0 0 ے

ۑ
ۑ
ۑ
ۑ
ې

 4.10 

After discretisation at the ݇௧௛ sample instant, the optimal state estimate, ݔ௞|௞ and the 

estimation error covariant matrix ௞ܲ|௞ are obtained through a simplified EKF algorithm 

over two steps: 

Prediction step: where a simple forward Euler technique is used so that the prediction 

step results in the following recursive equations 



Control of PDD with Feedback From Low-Speed Rotor                                                                    Chapter 4  

 
104Control of Pseudo Direct Drive

௞|௞ିଵݔ ൌ ௞ିଵ|௞ିଵݔ ൅ ൣ݂൫ݔ௞ିଵ|௞ିଵ൯ ൅ ௞ିଵ൧ݑܤ ௖ܶ 4.11 

 

௞ܲ|௞ିଵ ൌ ௞ܲିଵ|௞ିଵ ൅ ሾܨ௞ିଵ ௞ܲିଵ|௞ିଵ ൅ ௞ܲିଵ|௞ିଵܨ௞ିଵ|௞ିଵ
் ሿ ௖ܶ ൅ ܳ 4.12 

Innovation step which corrects the prediction estimation and its covariance matrix. 

௞ܭ ൌ ௞ܲ|௞ିଵ்ܥ൫ܥ ௞ܲ|௞ିଵ்ܥ ൅ ܴௗ൯
ିଵ

 4.13 

 

௞|௞ݔ ൌ ௞|௞ିଵݔ ൅ ௞ݕ௞ൣܭ െ  ௞|௞ିଵ൧ 4.14ݔܥ

 

௞ܲ|௞ ൌ ௞ܲ|௞ିଵ െ ܥ௞ܭ ௞ܲ|௞ିଵ 4.15 

where, 

௖ܶ : is the sampling time 

݇ : is the sampling instant 

ܳ : is the matrix associated with the process noise 

ܴௗ : is the matrix associated with measurements noise 

 ௞|௞ିଵ : is the predicted state estimateݔ

 ௞|௞ : is the optimal state estimateݔ

௞ܲ|௞ିଵ : is the predicted error covariance matrix 

௞ܲ|௞ : is the optimal error covariance matrix 

 ௞ : is the adaptive Kalman gainܭ
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4.1.3 Extended Kalman Filter Tuning 

It is well known that the EKF performance in transient and steady state, is heavily 

influenced by the choice of the matrices ܳ and ܴௗ, it has been also reported in the 

literature that the analytical guidelines which ensure proper setting of these matrices do 

not exist [30] [47] and linearization methods may be used [32] [48] or manual tuning 

using trial and error is assumed since no systematic tuning method has been reported 

[49]. In addition, trial and error is time consuming and does not ensure optimal 

performance of EKF. Therefore, GA has been chosen to optimise the ܳ and ܴௗ matrices 

based on the performance index given in (4.16)  

௜ܲ ൌ ݉݅݊෍|߱௛௠௢ௗ௘௟ െ ߱௛ா௄ி|

௡

ଵ

 4.16 

where ௜ܲ is performance index, ݊ is the number of samples, ߱௛௠௢ௗ௘௟ is the speed of 

the HSR output from the simulated model, ߱௛ா௄ி is the estimated speed of the HSR 

from EKF model. 

The diagonal initial matrix  ଴ܲ represents the mean square errors, given the initial 

condition of the system. Increasing ଴ܲ affects the amplitude of the transient where the 

duration of the transient and the steady state condition remain unaffected [46] [47] . The 

ܳ matrix gives information about the system noise level and large values of the 

elements in ܳ  would indicate the presence of large noise in the system or increase in 

parameters uncertainties. This will result in an increase of the Kalman gain, and 

consequently the filter will have a faster dynamics. The ܴௗ  matrix is associated with 

the measurement noise, increasing the value of its elements would indicate large noise 

in the measurements; this yields a decrease in the Kalman gain, resulting in a poor 

transient performance. As a common practice the matrices ܳ, ܴௗ and ଴ܲ are chosen to 

be diagonal, since the off-diagonal terms has less effect on the performance of  the EKF 

[46] [47]. Furthermore,  ܳ and ܴௗ matrices depend on the sampling time, drive system 

parameters, measurement amplitude and noise level. Therefore, GA has been proposed 

to tune the two matrices under a simulated environment similar to the practical system.          
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ܳ ൌ

ۏ
ێ
ێ
ێ
ێ
ۍ
ଵݍ 0 0 0

0 ଶݍ 0 0

0 0 ଷݍ 0

0 0 0 ےସݍ
ۑ
ۑ
ۑ
ۑ
ې

 

ܴௗ ൌ  ଵݎ

where, ݍଵ, ,ଶݍ  ଵare tuned directly by GA, since ଴ܲ has little influence onݎ ସ andݍ,ଷݍ

the EKF behavior it has been initialized to be diagonal unity.  

଴ܲ ൌ

ۏ
ێ
ێ
ێ
ۍ
1 0 0 0

0 1 0 0

0 0 1 0

0 0 0 ے1
ۑ
ۑ
ۑ
ې

 

The elements of the matrices ܳ and ܴௗ have been tuned offline with Matlab 

Simulink, the optimization is set to achieve minimum error between the measured speed 

of the HSR and the estimated of EKF, the procedure is similar to previous tuning of the 

linear observer and state feedback controller as shown in Figure 4.17, where the 

elements of the matrices are updated from the Matlab script running GA to the model 

running EKF every time step. 

Figure 4.17: EKF tuning in Simulink using GA 

The resulting matrices from tuning EKF by GA are given by 

‐

‐

EKF

‐‐

‐

SFBK

PDD 
Electrical 
model and 
Current 
controller

o
h

p
s

n

e
hp

 ˆ1

GA‐
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ܳ ൌ

ۏ
ێ
ێ
ێ
ۍ
1 0 0 0

0 0.01 0 0

0 0 0.001 0

0 0 0 ے10
ۑ
ۑ
ۑ
ې

,              ܴௗ ൌ 26 

EKF sampling frequency is 10 kHz. 

4.1.4 Results 

Once the tuning is completed, the EKF is employed to estimate the unmeasured 

states of the PDD, where the setup and load profile is similar to the linear observer 

described in Figure 4.4. The results of EKF are shown from Figure 4.18 to Figure 4.21, 

where the estimated states of ߱௛, ߱௢,  ௘ and ௅ܶ show complete match with the measuredߠ

states. In contrast with the linear reduced order observer, where the referred angle ߠ௘ has 

a mismatch with the measurement, the linear observer can produce an estimation that 

agrees with the measurement only if the PDD is operated around the linearised region of 

the observer. However, EKF can perfectly estimate the referred angle to great degree of 

accuracy through all operating range, no mismatch had been observed under EKF, and 

this can improve the quality of the estimated HSR position. The ݀ݍ-axis currents 

resulting from EKF implementation is shown in Figure 4.22.  

Figure 4.18: Simulated and estimated ߱௛ 
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Figure 4.19: Simulated and estimated ߱௢ 

 

Figure 4.20: Simulated and estimated ߠ௘ 
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Figure 4.21: Simulated and estimated ௅ܶ 
 

Figure 4.22: ݅ௗ and ݅௤ currents 
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EKF has produced excellent performance, where all the states have been 

reconstructed correctly with high degree of accuracy. This observer will certainly 

improve the quality of the reconstructed commutation angle, and hence, maximum 

torque capability is maintained throughout the operating range of the PDD. 

4.1.5 Sensitivity Analysis of EKF 

    In order to identify sensitivity issues affecting EKF, it is essential to select the 

parameters that have been used in the design and have more influence on the dynamic 

response. EKF has been designed to have much higher bandwidth than that of the 

mechanical quantities being observed, electrical quantities are not part of the EKF 

design, and therefore will not be considered in the sensitivity analysis. Since, both linear 

observer and EKF have been designed with the same Jacobian matrix, sensitivity 

analysis of the linear observer had to consider the parameters that directly affect the 

dynamic response, such as the load MOI and load torque. Similarly, EKF sensitivity 

study will only consider the load MOI and load torque effects. EKF will be subjected to 

load MOI variation from the nominal load MOI  ܬ௅ಿ to  
ଵ

ଶ
,௅ಿܬ 3. ,௅ಿܬ and 4.  ௅ಿ, and loadܬ

torque variation from 0 , 50 and 123 Nm. The load torque directly reflects the state of 

the referred angle ߠ௘ and this can be demonstrated in Chapter 2.  

Figure 4.23 to Figure 4.25 show the response of the LSR to the load MOI variation, 

EKF dynamics did not show sensitiveness towards MOI changes; it was only when the 

ratio exceeded 4 times the nominal value when EKF started losing tracking. In practice, 

load MOI of a system does not have these drastic changes for a single design. Besides, 

EKF shows robustness with excellent tracking performance from very small MOIs to 3 

times the nominal load MOI. 

Figure 4.19, Figure 4.26 and Figure 4.27 show EKF producing excellent tracking 

performance for all load torque changes in both transient and steady states. It is 

therefore evident that load torque variation does not have any significant effect on the 

performance of the filter. 

It should be noted that the Jacobian and gain matrices of the observer are not 

dependent on speed and therefore the observer can perform equally well at very low or 

zero speed. 
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Figure 4.23: Measured ߱௢ under half the nominal load MOI while controlled by EKF 
 

 

Figure 4.24: Measured ߱௢ under 3 times nominal load MOI while controlled by EKF 
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Figure 4.25: Measured ߱௢under 4 times nominal load MOI while controlled by EKF 

 

Figure 4.26: Measured ߱௢under half rated torque while controlled by EKF 
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Figure 4.27: Measured ߱௢under maximum torque while controlled by EKF 
 

4.7. Summary 
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further improve the quality of  ߠ௘, and hence the commutation angle. In addition, a 

systematic way had been presented to tune the extended Kalman filter for optimum 

performance and stability using genetic algorithm. 
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Chapter 5 

5. SLIP DETECTION AND OVERLOAD PREVENTION 

5.1.  Introduction 

Wind turbines, ship propulsion systems and traction applications have an increased 

interest in high torque low speed machines. This combination is normally achieved by 

direct drive machines or by combining a gearbox with high speed machine. The 

inclusion of a mechanical gearbox in the wind turbine system has an inherit reliability 

problems. Typical design of wind turbine life time is around 30 years, it could be 

reduced to 20 years due to the short life time of the gearbox, which fails within 5 years 

of operation [50]. The large number of gearbox failures has forced many insurance 

companies to revise maintenance agreements requiring wind energy producers to under 

write the replacement of valuable components such as gearboxes which can cost up to 

10% of the original price of the wind turbine. A classic gearbox failure can be caused by 

wind gusts which may result in misalignment of the drive train and gradual failure of 

the gear components. In adverse weather conditions the overheated lubricating oil in the 

gearbox can cause a catastrophic damage, which is the case of numerous wind turbines 

catching fire for overheated gearboxes Figure 5.1 [50]. 

The PDD has the ability to overcome the mechanical gearbox problem by benefiting 

from the unique design which allow torque transmission through the magnetic gear, 

since when subjected to a load torque, which is greater than the pull-out torque it should 

harmlessly slip. For example, if the PDD is operated as a wind power generator, when 

subjected to a strong wind gust that exceeds its pull-out torque, the PDD could safely 

slip acting like a torque fuse to isolate the part under over torque from the rest of the 

drive train and preventing the system from being damaged.  

Although the slip may not result in a physical damage, the time taken for the 

machine to recover and resume normal operation after the transient overload torque 

disappears, will depend on how fast the slip can be detected and how the control 

strategy adapts when the transient overload torque occurs. To date there has been no 

published work on slip detection and recovery for PDDs. However the phenomenon of 
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over-torque pole-slipping on a 1:1 magnetic coupling had been studied in [44] and [51] 

where, the presence of a modulating sine wave on the speed feedback signal can be used 

by the controller to detect the overload conditions and reconfigure the controller such 

that the driving side of the magnetic coupling is set to zero. This configuration may be 

suitable when the load side is set to zero, for other load profile when the disturbance 

does not cause the system to stop this strategy may not be suitable. In addition, an 

explicit model predictive control MPC has been employed on the same system to 

prevent the occurrence of pole slipping has been reported in [52]. It has been shown that 

the control action due to speed change can cause pole slipping with the conventional PI 

controller while the proposed MPC can apply appropriate control action to avoid slip. 

However, the MPC requires prior knowledge of the load torque, and this is not possible 

in most applications. Furthermore, the proposed technique does not address the problem 

of loss of synchronisation under overload conditions.  

 

Figure 5.1: One of many wind turbines whose overheated gearbox caused fire [50]. 

This chapter will study the PDD operation, when subjected to a load torque larger 

than the pull-out torque. A slip detection technique based on the real-time monitoring of 

the referred angle is proposed. Once a slip is detected, the controller is reconfigured to 
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synchronise the speed of the two rotors before a recovery is attempted, this is based on 

the PDD being equipped with speed/position sensors on both rotors. For PDDs equipped 

with a combination of a speed/position sensor on the HSR and state observer for the 

LSR, a controlled recovery from slip may not be possible once slip has occurred, thus, a 

slip prevention technique is proposed. The technique monitors the referred angle and 

flags a potential slip prior to reaching the maximum angle beyond which slip will occur. 

The control system under overload torque is reconfigured such that synchronisation of 

the two rotors is maintained.  

5.2. PDD Control Without Slip Detection  

Although, the dynamic response of the PDD has been studied in Chapter 3 and 4, 

where the load torque applied to the PDD did not exceed the maximum pull-out torque 

at any given instant. When the PDD is subjected to an overload torque greater than the 

pull-out torque its dynamic behaviour deteriorates significantly. This is due to the fact 

that the electromagnetic torque transmitted to the LSR is given by  

௘ܶ௠ ൌ ௠ܶ௔௫݊݅ݏ ሺߠ௘ሻ 5.1 

Thus if the load torque is greater than the pull-out torque  ௠ܶ௔௫, ߠ௘ may become 

greater than 900 and slip between the two rotors occurs. 

Using the control scheme implemented in Chapter 3 and shown again in Figure 5.2 

where all states are considered to be directly measured from the model (no observer is 

used), the control algorithm is tested for load torques larger than the PDD’s pull-out 

torque; this is achieved by implementing a similar load profile described in Chapter 3 

with 150 Nm of load torque applied at steady state, instead of 100N.m. This will ensure 

the PDD enter the slip mode. The responses of the LSR and the HSR, load angle and 

load torque are shown in Figure 5.3 to Figure 5.6.  

It is evident from the figures that slip between the two rotors has occurred; the 

magnetic gear coupling has disengaged such that the HSR reached excessive speed only 

limited by the inverter DC-link voltage, while trying to pull-up the LSR to the reference 

speed set by the speed controller. The large load torque has immobilised the LSR 

around zero speed. The load torque profile is acting as brake to stop the LSR, this is 

realised by implementing a speed control to drive the load, the speed demand of the load 
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speed machine is set to zero in this case, it could be set to a different value, this change 

of torque direction has appeared as oscillations in the load torque profile. The referred 

angle has increased rapidly over its stable operating region of  గ
ଶ
, where the system 

entered the unstable region and multiple slip had occurred. 

Although, this has shown that harmless over torque can be filtered successfully by 

the magnetic gear action, adequate control is needed to ensure the inner HSR remain 

under control if quick reengagement is needed.     
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Figure 5.2: State feedback speed controller used to control the PDD 
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Figure 5.3: HSR under over torque. 

 

Figure 5.4: LSR under over torque. 
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Figure 5.5: Referred angle under over torque. 
 

Figure 5.6: Load torque profile 
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5.3. Slip Detection & Recovery with two Rotor Sensors 

If both the HSR and the LSR of the PDD are equipped with position/speed sensors, 

the control structure in Figure 5.2 can be modified to incorporate the slip detection and 

recovery. The resulting control structure is shown in Figure 5.7. The referred angle, ߠ௘ 

is monitored according to (5.2) and a slip is detected when ߠ௘ exceeds 900. A flag is 

raised such that the control feedback is reconfigured to maintain synchronisation of the 

two rotors by commanding the HSR to track the speed ሺܩ௥߱௢ሻ of the geared LSR. Once 

 ௘ is below 900 which indicates that the overload has been removed, the controllerߠ

switches back to normal operation. A slip may occur again after a recovery is attempted. 

The controller keeps switching between the two modes until a sustained recovery is 

successful. 
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Figure 5.7: State feedback speed controller with slip detection and recovery 

 

௘ߠ ൌ ௛ߠ௛݌ െ ݊௦ߠ௢ 5.2 

Figure 5.8 to Figure 5.10 show the PDD response to the overload torque condition. In 

contrast to previous controller where detection and recovery schemes have not been 

used, the drive attempts to engage with the LSR to drive it to the speed reference set by 

the speed controller, a slip occurs due to the presence of the overload torque. This 

recovery continues until synchronisation is successfully achieved, the amount of slip has 

significantly been reduced compared to Figure 5.5 where the slip detection and recovery 

algorithm is not employed. 
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It can be seen that the proposed technique has minimum number of slips caused by 

the recovery attempts during the overload condition, and full synchronisation is restored 

as soon as the overload has disappeared. 

Figure 5.8: HSR Speed under over torque with slip detection and recovery 
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Figure 5.9: LSR speed under over torque with slip detection and recovery 

 

Figure 5.10: Referred angle under over torque with slip detection and recovery 
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Figure 5.11: Load torque profile 

 

5.4. Slip Detection & Prevention with only HSR Sensor 
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geared LSR. Meanwhile, the transmitted electromagnetic torque is also reduced by 

imposing a lower limit on the q-axis current demand with the reduction factor “SP” (0< 
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As a result, normal operation can resume immediately after the over-load torque 

elapses. 
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Figure 5.12: State feedback speed controller with slip prevention 

It is worth mentioning that the observer design, state feedback design and gains 

tuning have been unchanged from the design implemented in Chapter 3. Furthermore, 

the variable ܵܲ could be designed to accommodate specific load dynamics, or could use 

acceleration feedback from the load, in order to match the dynamics between the load 

and the HSR, and prevent excessive torque reaction from the HSR. For this particular 

case ܵܲ ൌ 0.5 is to ensure the torque is reduced by half to eliminate any torque reaction 

from the HSR which may cause slip. 

Figure 5.13 to Figure 5.16 demonstrate the effectiveness of the slip prevention 

algorithm, where smooth transition is achieved under overload condition and the two 

rotors have maintained synchronisation. Although, the load torque has exceeded the 

pull-out torque, the control algorithm has been very effective in keeping the maximum 

referred angle ߠ௘ below 900 beyond which the slip angle will occur as shown in Figure 

5.15. The HSR is maintained in synchronisation with the LSR by tracking the speed of 

the geared LSR so that slip does not occur during the overload period. As soon as the 

overload is removed, the drive system resumes the payload speed control. 



Slip Detection, Recovery and Prevention                                                                                        Chapter 5  

 
125Control of Pseudo Direct Drive

Figure 5.13: HSR under over torque with slip prevention 

 

Figure 5.14: LSR under over torque with slip prevention 
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Figure 5.15: Referred angle under over torque with slip prevention 
 

Figure 5.16: Load torque profile 

The proposed slip detection and prevention technique is also applicable to the PDD 

equipped with a speed/position sensor on the low speed rotor.  
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5.5. Summary 

In this chapter the PDD operation under overload condition has been studied, where 

the slip has been identified when tested with the existing SFBK controller. Two 

methods have been proposed to prevent slip based on the sensor configuration of the 

PDD. Slip detection and recovery for PDD with two sensor configuration, where slip is 

detected by monitoring the referred angle and the PDD is recovered even after 

synchronisation is lost. Slip detection and prevention for PDDs with one sensor on the 

HSR and an observer to estimate the remaining states, has been employed to prevent 

slip and de-synchronisation of the rotors, under this scheme the slip is monitored by the 

observer and the controller is reconfigured when slip is about to occur ensuring the PDD 

operation under full synchronisation and slip never occur. 
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Chapter 6 

6. EXPERIMENTAL VALIDATION 

6.1. Introduction 

To validate the research conducted on the control of the pseudo direct drive, a 

prototype machine has been built and a test rig is assembled to test and validate the 

proposed control solutions. This chapter describes the prototype PDD, the test rig, and 

issues pertinent to real-time implementation of the developed control techniques and to 

the slip detection and prevention scheme. Experimental results are presented and 

discussed. 

6.2. Test Rig Components 

 

Figure 6.1 shows an assembled prototype PDD. The LSR made of stacks of 

lamination and carbon fibre rods is shown in Figure 6.2, the HSR made of 2 pole-pairs 

permanent magnets is shown in Figure 6.3 while being installed inside the LSR, and the 

windings with an array of permanent magnets glued on the inner side is shown in Figure 

6.4.  
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Figure 6.1: Assembled Pseudo Direct Drive 
 

 

Figure 6.2: LSR in construction 
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HSR sensor (resolver) 
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Figure 6.3: Installing the HSR inside the LSR in the lathe 
 

Figure 6.4: Stator windings with a bonded array of permanent magnets 

The second component in the test rig is a permanent magnet machine used to load the 

PDD, the specifications are provided in Table 6.1. Although, the rated torque is very 

small compared to the PDD, a 10:1 inline mechanical gearbox is combined with the PM 

machine to provide sufficient torque for the PDD operation. This option is preferred to a 

direct drive machine where the size of the combined high-speed machine and gearbox is 

significantly smaller than direct drive machine for the required torque.   

HSR 
LSR

Fitting mechanism 

Stator winding 

Permanent magnets glued to 

the stator bore  
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Figure 6.5: PDD in test rig with PM machine and gearbox 

The PDD and load machine are controlled independently by two commercial drives 

listed in Table 6.1 and they are supplied by three phase AC at 415 ௥ܸ௠௦. AC to DC 

conversion is performed inside the drive. Both drives have been configured to operate in 

torque control mode, where a reference torque is sent from the PDD real-time controller 

to the drive, which is received through its differential analogue inputs. Using the 

position feedback from the machines and torque reference from the real-time controller, 

the drives perform current regulation and electronic commutation via a 3-phase inverter. 

PWM switching is performed at 8 kHz for both drives to ensure smooth torque 

transmission is achieved. 

The PDD is equipped with two sensors an incremental encoder with 1024 pulses per 

revolution on the LSR which is directly connected to dSPACE encoder interface as 

shown in Figure 6.5, and a resolver on the HSR shown in Figure 6.1. The commercial 

drive adapted for PDD control has a resolver interface. When implementing PDD 

control with a position sensor on the HSR, the resolver signals are directly fed to the 

drive and the speed/position is communicated from the drive to the dSPACE real-time 

hardware through the simulated encoder signal interface on the drive, similarly, the load 

machine is equipped with one resolver and is fed to dSPACE in similar manner to the 

HSR using the simulated resolver interface. The resolver signals are shown from Figure 

6.6 to Figure 6.8 for an arbitrary speed. 

LSR sensor (encoder) Mechanical gear 10:1 Load machine 

HSR sensor (resolver) 
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Figure 6.6: Excitation signal from the PDD drive with 8kHz frequency 

There is a transformation ratio of 0.3 between the excitation voltage and the 

modulated sine and cosine voltage.   

Figure 6.7: Modulated  sine signal measured from the resolver 
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Figure 6.8: Modulated  cosine signal measured from the resolver 

The simulated encoder signals ܣ,  and ܼ are shown in Figure 6.9, the inverted ܤ

signals ܣ,  .and ܼ are not shown in the figure ܤ

 
Time (ms) 

Figure 6.9: Incremental encoder signal from the drive’s simulated encoder interface 
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PDD machine 

Rate Power (kW) @400Vrms 2.8 

Rated torque (N.m) 100 

Max speed on low speed (rpm) 260 

Max speed on high speed (rpm) 3000 

Torque constant  ktm (Nm/A) 1.77 

Efficiency (ߟ %) > 95% 

  

PDD Inverter 

Control techniques digitax DBE420 

Nominal Power Rating (kW) 4.2 

  

Load machine (Unimotor) 

Rated Power (kW) @400Vrms 4.96 

Rated torque (N.m) 15.8 

Max speed (rpm) 4800 

Torque constant  kt (Nm/A) 1.6 

  

Load machine Inverter 

Control techniques Unidive SP SP2401 

Nominal Power Rating (kW) 5.5 

  

Inline Gearbox 

Gear ratio of mechanical gearbox (ܩ௥௠) 10:1 

Efficiency (ߟ௠ %) ≈ 90% 

  

Real-time Controller 

dSPACE  DS1103 

Connector Panel CLP1103 

PC 

A standard p4 windows XP PC dell 

Table 6.1: Test rig  components 

A dSPACE DS1103 PPC system shown in Figure 6.10 has been used throughout the 

experiment. It is a mixed RISC/DSP digital controller providing a very powerful 

processor for floating point calculations as well as comprehensive I/O capabilities. 

The DS1103 PPC is a very flexible and computationally powerful system. The board 

can be programmed in C language. In addition, it features a software Simulink interface 
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that allows all applications to be developed in the Matlab/Simulink user friendly 

environment. All compiling and downloading processes are carried out automatically in 

the background. Experimenting software called Control Desk allows real-time 

management of the running process by providing a virtual control panel with 

instruments and scopes. The CLP1103 Connector Panel serves as an interface between 

the DS1103 and all external hardware. 

Listed below are the most relevant features of the controller:  

 Texas Instruments TMS320F240 DSP is used as Subsystem. 

 20 channels ADC, 16 bit, ±10 V. 

 8 channels DAC, 14 bit, ±10 V. 

 Incremental Encoder Interface, 7 channels. 

 32 digital I/O lines, programmable in 8-bit groups. 

 CAN and Serial interfacing. 

 50 bit-I/O channels 

 Software development tools (Matlab/Simulink, RTI, RTW, TDE, Control 

Desk) 

Figure 6.10: Real time dSPACE DS1103 and CLP1103. 
 

Matlab Simulink has been used to develop the code for the control algorithm, after 

the system performance check is conducted, a 10 kHz sampling rate is adopted through 

the experiment as it combines performance and signal quality with the hardware 

capability. The torque command sent to the drives as ݅௤current is updated every 100 μs. 
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The torque produced by the load machine is estimated based on the torque producing 

current measured by the load machine drive and the load machine torque constant given 

by the manufacturer, similarly, the torque produced by the PDD is estimated based on 

the measured phase currents and the PDD torque constant. Taking into consideration the 

mechanical gearbox efficiency, the torque in either side of the drives agrees within few 

newton meters. In the experiments undertaken, there is no requirement for accurate 

torque measurements, and torque is used as an external disturbance to the system, only 

coarse estimate is sufficient to validate the dynamics of the PDD under load torque 

variation. 

The active current ݅஺ is the torque producing current measured by the load machine 

drive. The torque produced by load machine on the LSR of the PDD assuming an ideal 

transmission is calculated as follows. 

௘ܶ௠ ൌ ݅஺. ݇௧௠.  ௥௠ 6.1ܩ

Given the parameters in Table 6.1 and the current of 4.75A in Figure 6.11 the torque 

produced by the load machine and seen by the LSR of the PDD is ≈ 76Nm.  At no load, 

however, the PDD must overcome friction torque in the drive train, including the 

gearbox, which is estimated to be between 22 to 28 Nm depending on the operating 

condition such as temperature, viscosity of the mechanical gearbox lubricating oil and 

the operating speed. Therefore, the total torque the PDD must produce is around 100 

Nm; this includes the torque produced by the load + friction torque at no load. 

The load torque profile used throughout section 6.3 for the PI, IP and state SFBK is 

shown in Figure 6.11 as the current profile.  

Similarly the torque produced by the PDD is calculated as follows 

௘ܶ௠ ൌ ݅௤. ݇௧. .௥ܩ  6.2 ߟ
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Figure 6.11: Load machine current 
 

To examine the quality of the test rig mechanical system, the load machine drives the 

PDD at no load and the speed responses of the load machine, HSR and LSR are plotted 

in Figure 6.12.  A zoomed view in steady states is shown in Figure 6.13, where all three 

speeds exhibit ripples at integer multiples of 1.66 Hz which corresponds to the 

mechanical speed of the LSR of 100 rpm. This ripple may be caused by misalignment in 

the drive train and the mechanical structure of the PDD, where the HSR end shaft is 

supported by the LSR at one end, as shown in Figure 3.1, making the structure slightly 

more flexible than the ordinary PM machine. Hence any misalignment between LSR 

and HSR produces a disturbance to the speed control loop of the load machine and gives 

rise to the speed ripples seen. The harmonics analysis is provided from Figure 6.14 to 

Figure 6.16 where a peak frequency of 1.66 Hz appearing in all three measurements and 

its multiples such as the 16.6 Hz observed at the speed of the load speed machine which 

could be due to the 10:1 mechanical gearbox. 
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Figure 6.12: The PDD driven by the load machine. 
 

The disturbance due to misalignment will also be expected when the PDD is under 

speed control during the subsequent experiment. Nevertheless as will be seen there was 

no great effect on the performance of the controllers, given that the same system is used 

to compare different control techniques. 
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Figure 6.13: Zoomed view of the three speeds. 
 

Figure 6.14: Harmonic analysis of the speed of the HSR. 
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Figure 6.15: Harmonic analysis of the speed of the LSR. 
 

Figure 6.16: Harmonic analysis of the load machine speed. 
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6.3. Experimental Results with Position Sensor on the High Speed 
Rotor 

Tests were first performed by assuming the PDD was equipped with a sensor on the 

HSR. In this case the sensor on the LSR was used for monitoring purpose only. The 

PDD drive under study has been realised on the hardware setup shown schematically in 

Figure 6.17. A commercial drive has been used for current control and the position 

signals from the resolver fitted on the HSR are fed directly to the resolver interface of 

the drive. The drive provides emulated encoder outputs which are then processed by the 

dSPACE via an encoder interface. The PDD speed controller and observer are 

implemented in the dSPACE, and the output of the speed controller, i.e. the current 

demand, is sent to the drive via an analogue port. The dSPACE executes the control 

algorithm for each of the candidate controllers PI, IP and SFBK. The PDD drive test 

profile consists of fast acceleration to a constant speed of 100 rpm on the LSR, followed 

by a load torque of 100 Nm applied at 2 seconds for the duration of 3 seconds as shown 

in Figure 6.11. The load is then removed and the PDD is decelerated to zero speed. The 

responses of the three controllers with GA tuned parameters as described in Chapter 3 

will be presented and compared.  

Figure 6.17: The PDD with the one sensor on the HSR. 
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6.3.1. PI Controller 

Figure 6.18 and Figure 6.19 show the HSR and the LSR responses under PI speed 

controller, it can be seen that undesirable oscillations which result from the poor 

damping in both rotor speeds are very significant in both transient and under load 

condition.  

Figure 6.18: HSR response 

Figure 6.20 shows the referred angle ߠ௘ in response to the speed and load torque 

variations. This angle is obtained by measured HSR and LSR positions according to 

(2.7). The peak seen at the transient reaching above 1.4 radians indicates that the rotors 

are close to slip if the angle reaches గ
ଶ
. Prior to applying load torque, ߠ௘ is around 0.2 

radians, this is produced by electromagnetic torque to overcome friction in the drive 

train and the mechanical gearbox. The oscillations on the steady states are the results of 

the torque disturbance due to mechanical misalignment affecting the quality of speed 

control as discussed earlier. However, the most important information from this figure is 

the dc value shown from 2 to 5 sec and averages around 1.1 radians. This value is the 

angle formed between the two rotors due to load torque, and can be used to estimate the 

load torque applied on the PDD. 
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Figure 6.19: LSR response 
 

Figure 6.20: Referred angle measured using the rotors position 
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Figure 6.21 shows that ݅௤ current have two large overshoots in transients and 

oscillations; however in steady state the demand current to resist the load torque is 

maintained. There is a small ݀-axis current control error due to imperfect auto phasing 

of the commercial drive, which is about 5 electrical degrees. Furthermore, since the 

drive does not give access to ݅ௗ and ݅௤ currents, these are determined in real time from 

the measured phase currents and the measured position of the HSR. Therefore, any error 

in the auto phasing would appear as an offset. 

 

Figure 6.21: ݀ݍ-axis current under PI controller 

Based on these results it follows that although the optimally tuned  PI controller with 

GA can control a PDD in speed control mode,  the performance is quite poor due to the 

fundamental problem of lack of damping in the PDD, which  causes speed and position 

oscillations in the output.     

6.3.2. IP Controller 

Figure 6.22 and Figure 6.23 show the speed responses of the HSR and the LSR under 

IP controller, respectively. It is clear that oscillation have been reduced massively in 

comparison to the PI, however under load torque transient, oscillations still exists in 

both rotors. 
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Figure 6.22: HSR response 
 

 

Figure 6.23: LSR response 
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Figure 6.24 shows ߠ௘ response, it could be said that in term of oscillations the 

response may have improved compared to the PI. However, oscillations still persist 

especially when a load is applied. Although ߠ௘ seems to go beyond 900 momentarily, 

the feedback correction can compensate the negative stiffness to some extent, especially 

if this has been caused by short duration control action. 

 

Figure 6.24: Referred angle measured using the rotors position 
 

Figure 6.25 shows the ݀ݍ-axis currents of the PDD where oscillation could be seen 

when the load is applied and removed. 

Although, this control scheme seems to provide the 1:1 magnetic coupling with 

enough damping to reduce torsional oscillations, the problem still persists when applied 
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torsional oscillations in the PDD. 
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Figure 6.25: ݀ݍ-axis current under IP controller 
 

6.3.3. SFBK Controller 
 

The state feedback controller is realised in real-time where the HSR is measured and 

the LSR is estimated with an observer. The estimated LSR speed is used for feedback 

and the measured speed is only used for validation purposes. 

Figure 6.26 shows the measured speed response of the HSR under SFBK controller, 

where the response exhibits good disturbance rejection and speed tracking, with 

significant reduction in oscillations. Figure 6.27 show the LSR both measured and 

estimated with the linear reduced order observer as described in Chapter 3, it can be 
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Figure 6.26: HSR response 

 

Figure 6.27: Measured and estimated LSR responses 
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Figure 6.28 show the measured and estimated referred angle. The observer has 

estimated the referred angle displacement at no load and after load torque application. 

The estimated referred angle is used to feed the state feedback control gain related to the 

referred angle. 

Figure 6.28: Measured and estimated referred angle 
 

Figure 6.29 shows the estimated load torque seen by the LSR of the PDD. The 

estimated torque agrees with the calculated torque, the friction in the drive train resulted 
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Figure 6.29: Estimated load torque applied on the PDD 
 

 

Figure 6.30: ݀ݍ-axis current under SFBK controller 
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Figure 6.31 shows the load torque profile used to load the PDD under speed reversal, 

where two torque values have been used 50 and 100 Nm respectively. 

Figure 6.31: Load machine current to produce ±100 Nm of torque 
 

Figure 6.32 to Figure 6.34 show the responses of the PDD under speed reversals at 
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torsional oscillations.    
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The PDD subjected to 50Nm of load torque. 

Figure 6.32:  LSR at ±50 rpm 

 

Figure 6.33: LSR at ±100rpm 
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Figure 6.34: LSR at ±150 rpm 
 

The PDD subjected to 100Nm of load torque  

Figure 6.35: LSR at ±50rpm 
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Figure 6.36: LSR at ±150 rpm 
 

It is evident that the SFBK controller has performed really well compared to the PI 

and IP. The torsional oscillation has been completely dampened; the new design has 

also shown robustness to speed and torque variation and the performance has been 
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6.4. Experimental Results with Position Sensor on the Low Speed 
Rotor 

This section will validate the findings in Chapter 4, where the main purpose of the 

study was to prove that the PDD can have full functionality, whilst equipped with one 

sensor on the LSR and operating under full load torque. Figure 6.37 shows the 

schematic for the real-time realisation of the feedback system in Chapter 4. The SFBK 

control strategy and two different types of observers are implemented: a linear reduced 

order observer and extended Kalman filter (EKF) on a dSPACE real-time control 

platform. The speed of the LSR is measured using an encoder through the standard 

dSPACE encoder interface. The estimated position of the HSR is converted into sine 

and cosine which are fed to the multiplier for modulation with a high frequency carrier. 

This provides a resolver-like signal which is used via a standard resolver interface by 

the commercial drive for control of the d- and q- axis currents. This multiplier is not 

necessary if the SFBK control and the observer are integrated into the drive control. The 

݅௤current demand resulted from the speed controller is sent to the commercial drive as 

the reference current demand. The drive performs electronic commutation and current 

control using the estimated position signal for the HSR and the ݅௤ demand. To evaluate 

the observer performance and the accuracy of position estimation for the HSR, the 

resolver attached to the HSR is used to measure its position and speed. For ease of 

interface with the dSPACE, the outputs of the resolver are converted into encoder 

signals with the aid of a resolver-to-encoder converter shown in Figure 6.38. The speed 

of the HSR is measured in the dSPACE through the incremental encoder interface to 

validate the estimation of the observer. 
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Figure 6.37: The PDD with the sensor on the LSR. 
 

Having obtained the estimated referred angle form the observers, the position of the 

HSR is estimated based on (4.7). The resulting estimated angular position is converted 

to sine and cosine with the amplitude specified by the drive resolver input. They are fed 

to the multiplier shown in Figure 6.37 and Figure 6.39, where an 8 kHz sine wave 

supplied from the drive resolver interface is multiplied by the sine and cosine to 

generate modulated signals. In this manner the drive receives reconstructed resolver-like 

signals as if they were supplied from a hardware resolver. 
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Figure 6.39: The Multiplier (modulator). 

During tests, the PDD is initially accelerated forward motoring to 100 rpm on the 

LSR.  At time ݐ ൌ 2 sec a load torque of 100Nm (PDD rated torque) is applied to the 

LSR for the duration of 3 sec. The PDD starts to decelerate to zero rpm at ݐ ൌ 6 sec. At 

ݐ ൌ 8 sec the PDD is accelerated again in reverse motoring to -100 rpm and a load of 

100Nm is applied at the same time for 4 sec this time, at ݐ ൌ 12 sec the load is 

removed. The reference speed of the PDD is set to zero at ݐ ൌ 14 sec to stop the drive 

test. 

Figure 6.40  shows the measured current waveform of the load machine as an 

indication of the torque profile being applied to the PDD machine in both forward and 

reverse directions, this torque profile will be used throughout section 6.4 and 6.5. 
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Figure 6.40: Load machine current torque profile 

The PDD is driven in both directions to ensure that the angular position estimation 

for ߠ௛ works well in both directions and that the commutation angle will result in 

symmetrical current around the d-axis in both forward and reverse motoring.  

6.4.1. Linear Reduced Order Observer 
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ensure undesirable resonance mode are not excited by a large gains. The design of the 

controller and observer has been provided in Chapter 4. 
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Figure 6.41: Measured and estimated speed of the HSR 
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Figure 6.42: Measured speed of the LSR 

Figure 6.43 shows the estimated load torque applied on the PDD under speed 

reversal. 

Figure 6.44 shows the measured and estimated referred angle. This referred angle is 

used to reconstruct the commutation angle according to (4.7). Unless good estimate is 

attained the HSR position cannot be correctly estimated, which will eventually affect 

the torque production capabilities of the PDD. 

These results demonstrate that desirable PDD performance has been achieved with 
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Figure 6.43: Estimated  load torque applied on the PDD 
 

 

Figure 6.44: Measured and estimated referred angle ߠ௘ 
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Since the estimated position according to (4.7) is used by the drive for field-orient 

control, the resultant ݅ௗ and ݅௤ currents are plotted in Figure 6.45 to show how the 

torque is transmitted. As can be seen, the torque producing component ݅௤ is equal in 

both directions in response to the equal load torque applied in both directions. This 

indicates that the commutation angle has been successfully implemented otherwise the 

current wave form would show unbalanced ݅௤ between the forward and reverse 

direction.  

Figure 6.45: ݀ݍ axis currents 

The PDD is further tested under 50 Nm of toad torque with three sets of reference 
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Figure 6.46: LSR at ±50 rpm 

 

Figure 6.47: LSR at ±100 rpm 
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Figure 6.48: LSR under ±150 rpm 

PDD under 100Nm of  torque 

Figure 6.49: LSR under ±50 rpm 

 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

-150

-100

-50

0

50

100

150

Time (s)

Sp
ee

d 
(r

pm
)

 

Measured o

Speed demand

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

-50

-25

0

25

50

Time (s)

Sp
ee

d 
(r

pm
)

 

Measured o

Speed demand



Experimental Validation                                                                                                                   Chapter 6  

 
165Control of Pseudo Direct Drive

Figure 6.50: LSR under ±150 rpm 

As it has been demonstrated, by employing a robust observer and specially designed 
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true value of ߠ௘ being used to estimate the commutation angle, and hence optimum 

torque per amp is achieved. EKF is implemented in the same way as the linear ROO 

with the same hardware and setup to achieve the same goals of maintaining maximum 

torque per amp. The design of EKF and the tuning have been described in Chapter 4. 

Figure 6.51 shows the measured and estimated speed of the HSR. The estimated 

speed tracks the measured very well, under load torque change and steady states.      

Figure 6.52 shows that the LSR tracks the reference speed very well in both forward 

and reverse motoring when subject to the load torque profile shown in Figure 6.40 

whose estimation is given in Figure 6.53. 

Figure 6.51: Measured and estimated speed of the HSR 
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Figure 6.52: Measured speed of the LSR 
 

Figure 6.53: Estimated load torque profile 
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EKF to reconstruct the commutation angle. EKF can provide accurate estimation of the 

load angle needed to reconstruct the position of the HSR, consequently the PDD could 

be operated equally well throughout its torque range, without needing to linearize the 

model around a specific operating point as the case of the linear reduced order observer.   

Figure 6.54: Measured and estimated referred angle ߠ௘ 

Figure 6.55 shows the ݀ݍ-axis current resulting from the test profile of the PDD 

under EKF, it can be seen that ݅௤ current has the same dc value in both motoring 

directions. 
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Figure 6.55: ݀ݍ axis currents 

The PDD is further tested under 50 Nm of toad torque with three sets of speed 

references 50, 100 and 150 rpm as shown in Figure 6.56 to Figure 6.58. The results 

demonstrate the effectiveness of the control system to cope with different load torques 

and speeds. Figure 6.59 and Figure 6.60 show the PDD under 100Nm of torque with 

two different speed references 50 and 150 rpm, the response has been equally good. 

EKF can be successfully implemented to estimate the unmeasured states of the PDD 

system. Its ability to estimate the referred angle accurately throughout the operating 

range in real time is without a doubt better than the linear observer. The performance of 

the EKF could not be achieved without the optimal tuning of the elements of the noise 

matrix ܳ; this has been successfully achieved with GA.    

 

 

 

 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

-5.5

-4

-2

0

2

4

5.5

Time (s)

C
ur

re
nt

 (
A

)

 

Measured iq current

Measured id current



Experimental Validation                                                                                                                   Chapter 6  

 
170Control of Pseudo Direct Drive

PDD under 50Nm of torque 

Figure 6.56: Measured LSR speed response for tracking 50 rpm demand 

 

Figure 6.57: Measured LSR speed response for tracking 100rpm demand 
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Figure 6.58: Measured LSR speed response for tracking 150rpm demand 
 

PDD under 100Nm of torque 

Figure 6.59: Measured LSR speed response for tracking 50rpm demand 
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Figure 6.60: Measured LSR speed response for tracking 150rpm demand 
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6.5. Experimental Results with Slip Recovery and Prevention  

This section presents experimental validation of the slip detection recovery and 

prevention algorithms presented in Chapter 5. 

6.5.1. PDD Without Slip Protection 
 

Slip in PDDs can be experienced by operating a PDD machine under a speed 

controller such as the SFBK presented in Chapter 3, where a reference speed is tracked 

by the speed controller under load torque variation. The controller increases or 

decreases the current to vary the torque accordingly. However, this control scheme is 

valid as long as the torque is limited to the permitted torque (below the maximum pull-

out torque). To study the dynamical behaviour of the existing SFBK controller under 

overload torque, the PDD is accelerated to 100 rpm. A load torque of 140Nm 

(exceeding the PDD pull-out torque of 135Nm) is applied to its LSR at time t = 2 sec. 

Figure 6.61 and Figure 6.62 show the measured response of the PDD drive when the 

SFBK controller is implemented but the slip control and prevention techniques are not 

applied. As will be seen, the overload torque causes the two rotors to slip and 

consequently, the speed of the LSR is dropped to zero while the speed of the HSR 

accelerates rapidly to the maximum speed limited only by the DC link voltage. The 

drive is then tripped by the over-speed protection. Under this control scheme it took less 

than 0.2 sec for the overload torque to cause slip and loss of synchronisation in the 

PDD.  
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Figure 6.61: HSR speed response under overload torque synchronization lost at t = 2.2 
sec 

 

Figure 6.62: LSR speed response under overload torque synchronization lost at t = 2.2 
sec. 
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Figure 6.63 shows the measured referred angle ߠ௘. It is evident that this angle varies 

continuously between 0 and 3600 and the system is unstable when 2700 > ߠ௘  ൒ 900. It is 

therefore not possible for the controller to maintain synchronisation of the two rotors 

when the slip occurs. 

Figure 6.63: Referred angle in unstable region under overload torque 

Figure 6.64 shows the measured d-q axis currents. Both currents are no longer under 

control when the speed of the HSR has reached a level close to the maximum speed 

limit. The drive over current protection is triggered. 
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Figure 6.64: d-axis current under overload torque 

Figure 6.65 shows the active current of the load machine which applies the overload 

torque to the PDD. The negative sign of the current indicates the direction of the torque 

is opposed to the PDD direction of rotation. Slip is flagged as soon as synchronisation 

between the two rotors is lost and the referred angle exceeds 900. 

The above tests illustrate that unless appropriate control scheme is implemented, the 

PDD will not be able to operate correctly under overload condition. Although no 

damage has been done to the PDD, slip can cause the PDD to malfunction, such as over 

speeding, loss of payload control, or drive tripping. These could be avoided if suitable 

control algorithms are incorporated into the existing controller. By developing a good 

understanding of the PDD functionality and dynamic behaviour, a remedy is proposed 

to either recover from slip, or prevent the PDD from entering the slip. This will depend 

on the PDD dynamics and sensor configuration as will be seen in the next two 

subsections.               
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Figure 6.65: Active current measured from the load machine and the slip flag. 
 
6.5.2. Slip Detection and Recovery (SDR) 

 
As described in Chapter 5 this technique is based on the PDD being equipped with a 

speed/position sensor on each rotor, the proposed technique can recover from slip even 

if it has occurred, without loss of control of the payload. The technique is implemented 
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which is described in Chapter 5.  
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Figure 6.66: HSR under overload torque with SDR. 
 

 

Figure 6.67: LSR under overload torque with SDR. 
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The fluctuation of the measured ߠ௘ in Figure 6.68 reflects the slip and the recovery 

attempts. It is seen that the proposed algorithm ensures that the slip recovery and the 

synchronisation is restored once the over load torque is reduced to below the pull-out 

torque. The PDD drive returns to normal operation after the overload vanishes. The 

amount of slips has significantly been reduced compared to Figure 6.63 where the slip 

detection and recovery algorithm is not employed. Consequently, total losses in the 

machine are reduced, and payload control is maintained.  

Figure 6.68: Referred angle under overload torque with SDR 

Figure 6.69 shows the measured ݅ௗ and ݅௤ currents under SDR. The q-axis current 

fluctuates during the overload period as the controller attempts to recover.  

Figure 6.70 shows the load profile applied to the PDD under the SDR. Although the 

PDD has been subjected to a total torque of 150Nm, more than previously seen when 

the SFBK has been implemented without the SDR as shown in Figure 6.65. Yet the 

PDD has managed under the SDR to maintain synchronisation under the overload 

torque and recovered successfully after the overload has disappeared, whereas the 

control has completely been lost, when the SDR is not implemented. 
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Figure 6.69: ݀ݍ-axis currents under SDR 

 

Figure 6.70: Active current measured from the load machine and the slip flag 
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6.5.3. Slip Prevention (SP) 
 

For PDDs fitted with a single sensor on the HSR, the slip detection and recovery 

would not be effective. Once the PDD slips the speed/position of the LSR cannot be 

determined any longer and its dynamics are dictated by the load. Hence the recovery 

cannot be attained without exact speed/position of the LSR. However, this problem can 

be overcome if the PDD is prevented from slip. The slip could be predicted by 

monitoring the referred angle and the controller is reconfigured prior to ߠ௘ reaching the 

slip angle. The combination of an observer to estimate the speed/position of the LSR 

and a speed/position sensor on the HSR would be realisable to control the PDD with 

slip prevention enabled, as described in section 5.4 of Chapter 5.  

Figure 6.71 and Figure 6.72 show the measured responses of the PDD speeds under 

overload condition when the slip prevention algorithm described in Chapter 5 is applied. 

The LSR and the HSR have been maintained in synchronisation. Although, the load 

torque has exceeded the pull-out torque, the control algorithm has been very effective in 

keeping the maximum referred angle ߠ௘ below 900 beyond which the slip will occur as 

shown in Figure 6.73. The HSR is maintained in synchronisation with the LSR by 

tracking the speed of the geared LSR so that slip does not occur during the overload 

period. As soon as the overload is removed, the drive system resumes the payload speed 

control.  

Since the over torque has exceeded the pull out torque the speed of the two rotors is 

expected to drop to zero. However, the two rotors could still maintain synchronisation 

while the LSR still maintain about 20 rpm; this is because of friction torque in the 

mechanical gearbox which has an element related to speed, at lower speed this friction 

torque is reduced until the total torque seen by the PDD is reduced below the slip torque 

and an equilibrium point is reached.    

Small oscillations that appear in the estimated speed of LSR have been caused by the 

control reconfiguration since in the slip prevention mode the synchronisation gain 

 ௦ used with SFBK controller is disabled. It is worth noting that the measured LSR isܭ

used only for validation purposes.  
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Figure 6.71: HSR speed response under overload condition with SP control 

 

Figure 6.72: LSR under overload condition with SP control 
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Figure 6.73 shows the estimated resultant referred angle ߠ௘, where it is evident that 

 .௘ is always kept within the stable regionߠ

Figure 6.73: Referred angle under overload condition with SP control 
 

Figure 6.74 shows the measured ݀ݍ-axis currents. It can be seen that the torque 

producing current ݅௤ is reduced by the controller to prevent the electromagnetic torque 

developed on the HSR from reaching the pull-out torque seen by the LSR.  

Figure 6.75 shows the active current of the load machine that is proportional to the 

load torque applied to the PDD under the SP which is 140Nm. Although the PDD has 

been subjected to similar torque to that of SFBK without slip protection, the control 

strategy has successfully prevented the occurrence of slip and maintained PDD 

operation under over torque condition, while using a combination of a sensor on the 

HSR and an observer to estimate other states including the speed/position of the LSR. 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
0

68

85

100

Time (s)

R
ef

er
re

d 
an

gl
e 

  e 
(d

eg
re

e)

 

 



Experimental Validation                                                                                                                   Chapter 6  

 
184Control of Pseudo Direct Drive

Figure 6.74: ݀ݍ-axis currents under overload condition with SP control 

 

Figure 6.75: Active current measured from the load machine and the slip flag 
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6.6. Summary 

 

This chapter summarises all experimental work performed on the PDD, which 

validates the simulation results in Chapters 3, 4 and 5. The main components of the 

experimental setup have been presented this includes the PDD machine, the load 

machine, the electrical drives and the real time controller. Under the same speed and 

torque profile the PI, IP and SFBK have been tested and validated based on the results 

obtained in Chapter 3, where the PDD uses one sensor on the HSR. For the PDD 

equipped with one sensor on the LSR two controllers have been validated using a linear 

observer and an extended Kalman filter presented in Chapter 4. The issue of generating 

commutation angle using the measured LSR position is discussed with emphasis to the 

hardware implementation. The last part of this chapter is used to validate the finding of 

Chapter 5, where slip detection recovery and prevention for PDDs has been 

implemented and its effectiveness has been demonstrated experimentally.  
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Chapter 7 

7. CONCLUSIONS AND FURTHER WORK 

7.1 Introduction 

This research addresses the pertinent issues associated with the PDD operation and 

control. Various control strategies have been developed during the course of the study to 

solve the problems associated with its control. A dynamic test rig for PDD control has 

been built with a load machine. The developed PDD control techniques have been 

implemented in real time on the dSPACE to validate the proposed control algorithms 

and techniques.   

7.2 Conclusions 

This is the first time a comprehensive study on the PDD control has been conducted 

both in simulation and demonstrated on a real PDD machine. The properties of the PDD 

due to magnetic gearing exhibits high compliance and nonlinear torque transmission 

characteristics which leads to control issues never witnessed in a traditional PM 

machines. Thus a new study is required to identify the problems and propose solutions. 

The process of developing a control strategy must be based on full understanding of 

the problems and their causes, hence, a comprehensive model of the PDD dynamic 

system has been establish, to facilitate the formulation of solutions to problems. The 

model also provides understanding of the mechanical system and torque transmission 

characteristics, the effects of the external and internal parameters such as the MOIs, 

torques and magnetic gear and their effects on the dynamic performance. Furthermore, 

the effect of other controllers in the closed loop system such the current controller 

design, PWM switching, controller’s saturation, and voltage and current limits has also 

been considered.   

The PM machine is typically controlled with commercial drive, where a PI controller 

is usually employed to regulate the speed using a feedback device such as resolver. This 

type of controller when used with a PDD can cause undesirable speed/position 

oscillations which appear in the output. Alternative controllers such as IP normally used 
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to control mechanical compliant coupling has also been implemented on a PDD, there 

was a significant reduction in the speed oscillation, nevertheless, oscillation still persist 

under load torque. All controllers have been optimally tuned using GA against the ITAE 

cost function. 

The proposed SFBK control structure and design methods have been successfully 

developed and implemented, where the unmeasured system states needed for feedback 

have been reconstructed using a low cost reduced order observer. Torsional oscillations 

observed on the PDD with the conventional PI and IP controller have been eliminated 

with the proposed SFBK control technique, and GA tuning method. It has been shown 

that the proposed control strategy and tuning method are effective in suppressing 

torsional oscillation, and for improving PDD servo operation and control performance.  

To determine the cause of the oscillations with the PI and IP, a complex frequency 

domain analysis has been adopted to provide an in-depth understanding of the dynamic 

response of the PDD with three candidate controllers. A closed loop model of the PDD 

under three controller structures PI, IP, SFBK has been established and the influence of 

the control structures and parameters, such as the load torque, load MOI and the 

controller bandwidth, on the system damping and stability have been investigated. It has 

been shown that the SFBK controller tuned with GA provides the best damping and 

robustness to parameter changes and uncertainties compared to the PI and IP. 

The results show that GA has offered an effective platform to tune controllers for 

systems with complex and non-linear characteristics against a defined performance 

index. The proposed tuning method makes it possible to achieve optimal performance 

for the PDD operation within the torque, current and voltage limits. 

All the work conducted on the on the PDD control so far has been achieved with the 

PDD operating with one sensor attached to the HSR. A novel approach to operate a 

PDD with a single sensor on the LSR has been proposed. Traditionally the PDD 

requires two position/speed sensors: one on the HSR for electronic commutation, and 

the other on the LSR for speed/position control of the payload. This not only increases 

the drive system cost, but the need for fitting a position/speed sensor on the HSR 

imposes great constraints on the PDD mechanical design. It has been shown that with 

this control technique the PDD machine can function and attain performance equal to 
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that equipped with two sensors and subject to high level of load torque variations from 

zero to the rated torque. It has also been shown that direct integration of the estimated 

speed to obtain electrical angular position will incur large error which may cause 

instability. Instead, the electrical angular position should be derived from the measured 

position of the LSR and the estimated referred angle.  

Two types of observer have been proposed, a linear reduced order observer (ROO) 

and extended Kalman filter (EKF). Both observers have been tuned with GA to ensure 

optimum operation is achieved. The linear observer has excellent performance in 

transient and steady state. Furthermore, optimum performance is almost guaranteed if 

the referred angle is linearised around the desired operating torque in the Jacobian 

matrix. Whereas a steady state error is present in the estimated referred angle in other 

operating torques, the error may affect slightly the maximum torque per amp in non-

optimised regions. To avoid linearization of the model, EKF is proposed as nonlinear 

estimator capable of tracking accurately those unmeasured states at wide range of 

speeds and torques. It has been shown that EKF has successfully estimated the 

unmeasured states with high degree of accuracy under load torque and speed variations. 

The hardware implemented with both observers is similar, and could be easily realised 

to mimic a hardware resolver a very cost effective manner. 

Slip in PDDs has been investigated, when a PDD is subjected to a load torque higher 

than the pull-out torque slip between the two rotors may occur. Although, this may not 

cause any damage to the PDD or the load, it could, if left uncontrolled, result in 

undesirable consequences such as loss of power transfer, excessive speed on the HSR, 

incorrect commutation signal and/or loss of load speed/position control. Based on the 

sensor configuration of the PDD two different strategies for managing the slip have 

been employed 

Slip detection and recovery for PDDs equipped with a sensor on each of the two 

rotors. 

Slip detection and prevention for PDDs equipped with a one sensor on the HSR. 

The two algorithms have been developed to prevent uncontrollable slip in a PDD 

caused by load torque being greater than the PDD pull-out torque. It has been shown 

that the PDD drive without an appropriate slip control or slip prevention scheme cannot 
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cope with the overload condition effectively, and results in continuous slip and rapid 

speed increase on the HSR, leading to dangerous over speeding. It has also been shown 

that, by detecting the slip, and reconfiguring the control to maintain synchronisation of 

the two rotors, normal operation can be swiftly resumed after overload disappears. This 

scheme is based on the PDD being equipped with speed/position sensors on both rotors. 

However, for PDD’s that are equipped with a position sensor on the HSR rotor and a 

position observer for the other rotor, the slip prevention algorithm is more appropriate 

and can be integrated easily within the existing controller with minor modifications, and 

without re-tuning the gains. 

The control issues that arise in a PDD have been specifically addressed by classical 

and advanced control methodologies and demonstrated by extensive simulations and 

verified by performing extensive experimental studies. The compelling results validate 

the efficacy of the proposed control methods which could be adopted by the industry at 

low cost and can enhance the performance of the PDD. 

7.3 Future Work 

 

The proposed control structure where the LSR is used for payload control and 

provide electronic commutation for the drive, could be further exploited to 

accommodate different types of sensors such as digital encoder (absolute and 

incremental).  

While the developed control techniques have been successfully demonstrated, their 

cost effective implementation in a commercial drive has yet to be realised. This requires 

the integration of the developed control and observer algorithms into the field oriented 

current control loop with appropriate flexibility in sensor configurations.   

In addition using standalone hardware such as FPGA based board where the 

algorithm could be deployed and implemented in real time to convert the position of the 

LSR to HSR. The hardware could have the size of a small chip and sits between the 

drive and the sensor with adequate shielding. This implementation could be 

industrialised and allows for the PDD to be operated as any other PM machine in a cost 

effective and reliable manner.        
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9. APPENDIX A 

9.1 Genetic Algorithm 

Genetic Algorithm (GA) has been selected to design the controller for the complex 

system. It is a powerful tool and has the ability to deal with complex non-linear systems,   

while meeting a defined performance index and gain ranges under a given set of 

physical constraints. 

 GA is a stochastic global search method that mimics the process of natural 

evolution. In each population, GA uses the process survival of the fittest to generate a 

solution closer to the optimum. After each generation, a selection process similar in 

essence to the natural biological evolution, determines the fittest elements to breed for 

the next generation. The new population should have individuals better suited for their 

environment than the one it was created from [43]. The elements of the population are 

encoded as strings or vectors, called chromosomes. The chromosomes values are stored 

into genotypes that are mapped into a decision variable phenotypic [53]. 

A common representation in GA is the binary alphabets. A real valued variable x can 

be mapped into binary digit as 0 or 1. Also a combination of two variables can be 

concatenated to provide a single string of bits, where the number of bits of each variable 

reflects the accuracy of the variable. Decoding this representation into phenotype 

(decision variable domain), gives the possibility to assess the performance of individual 

members of the population and determine their fitness, or as it is described in the 

biological evolution by survival. 

The objective function assigns a fitness value to individuals based on their 

performances. Once in the reproduction phase, individuals with better fitness values are 

favoured and selected for mating over the less fit elements. 

During the selection process, a genetic operator manipulates the genes of the 

chromosomes directly, assuming that on average certain individual genes produce fitter 

individuals. A recombination operator is subsequently used to exchange genetic 

information between pairs [54]. The following example illustrates one of the 

recombination operators “single-point crossover”: 
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Consider the two parent binary strings: 

P1 = 1 0 0 1 1 0 1 0 0 1 1 0 

P2 = 1 0 1 1 0 0 0 1 1 0 1 1 

The two individuals will exchange genetic information at a random point between 

 1< i <length of string -1 If i = 7 then the two new off-springs are produced: 

C1 = 1 0 0 1 1 0 1 1 1 0 1 1 

C2 = 1 0 1 1 0 0 0 0 0 1 1 0 

Another genetic operation that could be applied to the chromosome is called mutation; it 

replaces a single binary bit in the genes from 0 to 1 or 1 to 0. 

The crossover and mutation operations can be applied on offspring with a probability 

factor, when the pair is chosen for breeding. However, it is not necessary to apply it to 

all individuals selected for breading. Moreover, it is not necessary to have the same 

probability factor. Mutation could be used to insure the probability of searching in the 

subspace of the problem space is never zero on the other hand this would lead to 

convergence in the local optimum rather than global optimum. 

9.2 Genetic Algorithm Procedure  

GA consists of the following steps: 

 Choose the initial population of individuals 

As an example, the toolbox used in [54] support binary, integer, and floating point 

chromosome representation [43].  

 Evaluate the fitness of each individual in the population. This usually 
corresponds to objective functions to be minimised. 

As an example, integral time absolute error could be used as a criterion. 

 Select the fittest individuals for reproduction 

 Use one of the crossover methods and mutation operation to produce offspring. 

 Evaluate the individual fitness of the new individuals 

 Replace the least fit in the population with new individuals. 
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9.3 Termination 

The algorithm could be terminated if one or a combination of the following occurs: 

 Maximum number of generation reached. 

 The solution achieved fits the criterion. 

 A steady state of solutions is achieved over a number of iterations.  

 Time limit. 

9.4 Criticism 

 

While GA has commonly been employed in optimisations, it also has some weaknesses: 

 Fitness function for complex multidimensional optimisation problem tends to 

be expensive and computationally demanding. 

 The best solution is only compared to the previous solution produced by GA. 

 Convergence to local minimum rather than global minimum is not easy to 

avoid. 

 Cannot operate effectively on dynamic data, since the solution provided may 

not be valid anymore.  

 GA cannot deal with two state fitness function such as 1 or 0, as the algorithm 

will not be able to converge or it may have premature convergence. 

9.5 GA Versus Traditional Methods 

 

Compared with traditional method, 

 GA is a problem independent algorithm, in a sense that it focuses in providing 

parameters to satisfy a criterion regardless of the nature of the problem. 

 GA searches a population of parameters in parallel. 

 GA uses probabilistic rules not deterministic. 

 GA provides solution to the user as a mathematical entity and the user will 

infer it to the real system. 

 It can deals with both linear and nonlinear systems. 
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10. APPENDIX B 

10.1 Pseudo Direct Drive Simulink Model 

 

 

 

10.2 State Feedback Controller 
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10.3 Closed Loop System of the PDD under SFBK with HSR sensor 
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10.4 Genetic Algorithm Tuning Code 
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11. APPENDIX C 

11.1  Frequency Domain Analysis of PDD under PI Controller 

From Figure 3.4 ݅ௗ is obtained as follows 

ௗܮ
݀݅ௗ
ݐ݀

ൌ െܴ݅ௗ ൅ ௗܸ ൅  ௤߱௘݅௤ܮ
1 

 

where ௗܸ is given by: 

ௗܸ ൌ
ܷௗ௖
ܷௗ௖
כ ൫ ௗܸ

ᇱ െ  ௤߱௘݅௤൯ܮ
2 

 

and ௗܸ
ᇱ  is given by: 

ௗܸ
ᇱ ൌ ሺ݅ௗ

כ െ ݅ௗሻ ൬
௜ௗܭ
ݏ
൅  ௣ௗ൰ܭ

ௗܸ
ᇱ ൌ ݅ௗ

כ ௜ௗܭ
ݏ
െ ݅ௗ

௜ௗܭ
ݏ
൅ ݅ௗ

௣ௗܭכ െ ݅ௗܭ௣ௗ 

ௗܸ
ᇱ ൌ ஽ݔ ൅ ݅ௗ

௣ௗܭכ െ ݅ௗܭ௣ௗ 3 

 

where ݔ஽ is the internal state of the d-axes PI current controller defined by 

஽ݔ ൌ ݅ௗ
כ ௜ௗܭ
ݏ
െ ݅ௗ

௜ௗܭ
ݏ
 

substituting equation (3) into equation (2) results in equation (4) 

ௗܸ ൌ
ܷௗ௖
ܷௗ௖
כ ൫ݔ஽ ൅ ݅ௗ

௣ௗܭכ െ ݅ௗܭ௣ௗ െ  ௤߱௘݅௤൯ܮ
4 

 

substituting (4) into (1) the ݅ௗ current equation is obtained in (5) 

݀݅ௗ
ݐ݀

ൌ െ
ܴ
ௗܮ
݅ௗ ൅

ܷௗ௖
ௗܷௗ௖ܮ

כ ൫ݔ஽ ൅ ݅ௗ
௣ௗܭכ െ ݅ௗܭ௣ௗ െ ௤߱௘݅௤൯ܮ ൅  ௤߱௘݅௤ܮ

ࢊ࢏ࢊ
࢚ࢊ

ൌ െ
ࡾ
ࢊࡸ
ࢊ࢏ െ

ࢊ࢖ࡷ

ࢊࡸ
.
ࢉࢊࢁ

ࢉࢊࢁ
כ ࢊ࢏ ൅

ࢉࢊࢁ

ࢉࢊࢁࢊࡸ
כ ࡰ࢞ ൅

ࢗ࢏ࢗࡸࢋ࣓
ࢊࡸ

ቆ૚ െ
ࢉࢊࢁ

ࢉࢊࢁ
כ ቇ ൅

ࢊ࢖ࡷ

ࢊࡸ

ࢉࢊࢁ

ࢉࢊࢁ
כ ࢊ࢏

כ  
5 

 

Similarly ݅௤ is obtained from Figure 3.4. 
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௤ܮ
݀݅௤
ݐ݀

ൌ െܴ݅௤ ൅ ௤ܸ െ ௗ߱௘݅ௗܮ െ ߱௛݌௛߰௠ 
6 

where the control voltage ௤ܸ is obtained in (7), ݔ is the internal state of the PI speed 

controller and ݔொ is the internal state of the q-axes PI current controller. 

௤ܸ ൌ
ܷௗ௖
ܷௗ௖
כ ൭൬ሺ࣓ࢊ

࢏ࡷ

࢙
െ ࢎ࣓

࢏ࡷ

࢙
ሻ ൅ ߱ௗܭ௣ െ ߱௛ܭ௣ െ ݅௤൰ ൬

௜௤ܭ
ݏ
൅ ௣௤൰ܭ ൅  ௗ߱௘݅ௗ൱ܮ

 

where ݔ is the internal state of the PI speed controller given by 

ݔ ൌ ߱ௗ
௜ܭ
ݏ
െ ߱௛

௜ܭ
ݏ
 

and ݔொ is the internal state of the q-axes PI current controller given by 

ொݔ ൌ ݔ
௜௤ܭ
ݏ
൅ ሺ߱ௗ െ ߱௛ሻ

௜௤ܭ௣ܭ
ݏ

െ ݅௤
௜௤ܭ
ݏ
 

by substituting  ݔ and ݔொ states in equation (7) we obtain equation (8).  

௤ܸ ൌ
ܷௗ௖
ܷௗ௖
כ ൫ݔொ ൅ ௣௤ܭݔ ൅ ߱ௗܭ௣௤ܭ௉ െ ߱௛ܭ௉௤ܭ௉ െ ݅௤ܭ௣௤ ൅  ௗ߱௘݅ௗ൯ܮ 8 

 

substituting equation (8) in (6) and rearranging, the ݅௤ current equation is obtained in (9) 

݀݅௤
ݐ݀

ൌ െ
ܴ
௤ܮ
݅௤ ൅

ܷௗ௖
௤ܷௗ௖ܮ

כ ൫ݔொ ൅ ௣௤ܭݔ ൅ ߱ௗܭ௣௤ܭ௉ െ ߱௛ܭ௉௤ܭ௉ െ ݅௤ܭ௣௤ ൅ ௗ߱௘݅ௗ൯ܮ

െ
 ௗ߱௘݅ௗܮ
௤ܮ

െ
߱௛݌௛߰௠

௤ܮ
 

equations (12– 14) represent the internal states of the PI d- and q-axes current controller 

and the PI speed controller respectively. 

equations (15 to 17) represent the PDD dynamics. 

௤ܸ ൌ
ܷௗ௖
ܷௗ௖
כ ቆሺ࣓ࢊ

࢏ࡷ

࢙
െ࣓ࢎ

࢏ࡷ

࢙
ሻ
௜௤ܭ
ݏ
൅ ሺ߱ௗ െ ߱௛ሻ

௜௤ܭ௣ܭ
ݏ

െ ݅௤
௜௤ܭ
ݏ

൅ ሺ࣓ࢊ
࢏ࡷ

࢙
െ࣓ࢎ

࢏ࡷ

࢙
ሻܭ௣௤ ൅ ሺ߱ௗ െ ߱௛ሻܭ௣ܭ௣௤ െ ݅௤ܭ௣௤

൅  ௗ߱௘݅ௗ൰ܮ

 
 

7 
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ࢗ࢏ࢊ
࢚ࢊ

ൌ െ
ࡾ
ࢗࡸ
ࢗ࢏ െ

ࢗ࢖ࡷ

ࢗࡸ

ࢉࢊࢁ

ࢉࢊࢁ
כ ࢗ࢏ ൅

ࢉࢊࢁ

ࢉࢊࢁࢗࡸ
כ ࡽ࢞ ൅

ࢗ࢖ࡷ

ࢗࡸ

ࢉࢊࢁ

ࢉࢊࢁ
כ ࢞ െ

ࢊ࢏ࢊࡸࢋ࣓
ࢗࡸ

ቆ૚ െ
ࢉࢊࢁ

 ࢉࢊࢁ
כ ቇ

െ ቆ
࢖ࡷࢗ࢖ࡷ

ࢗࡸ

ࢉࢊࢁ

ࢉࢊࢁ
כ ൅

࢓࣒ࢎ࢖

ࢗࡸ
ቇ࣓ࢎ ൅

࢖ࡷࢗ࢖ࡷ

ࢗࡸ

ࢉࢊࢁ

ࢉࢊࢁ
כ  ࢊ࣓

 

9

 

For a given value of the inputs ߱ௗ it can be shown that in steady state, the operating 

points of the state variables are obtained as ݅ௗ଴ ൌ 0, ஽଴ݔ ൌ 0, ߱௛଴ ൌ ߱ௗ, ଴ݔ ൌ ݅௤଴ , 

ܷௗ௖ only varies over a small range so the ration  
௎೏೎
௎೏೎
כ  ൎ1, ݅ௗ

כ  is set to zero for maximum 

torque per ampere since flux weakening is not required, equations (5) and (9) become 

(10) and (11) and, respectively. 

 

ࢊ࢏ࢊ
࢚ࢊ

ൌ െ
ࡾ
ࢊࡸ
ࢊ࢏ െ

ࢊ࢖ࡷ

ࢊࡸ
ࢊ࢏ ൅

૚
ࢊࡸ
 ࡰ࢞

10

ࢗ࢏ࢊ
࢚ࢊ

ൌ െ
ࡾ
ࢗࡸ
ࢗ࢏ െ

ࢗ࢖ࡷ

ࢗࡸ
ࢗ࢏ ൅

૚
ࢗࡸ
ࡽ࢞ ൅

ࢗ࢖ࡷ

ࢗࡸ
࢞ െ ቆ

࢖ࡷࢗ࢖ࡷ

ࢗࡸ
൅
࢓࣒ࢎ࢖

ࢗࡸ
ቇ࣓ࢎ 

൅
࢖ࡷࢗ࢖ࡷ

ࢗࡸ
 ࢊ࣓

11

ࡰ࢞ࢊ
࢚ࢊ

ൌ െࢊ࢏ࢊ࢏ࡷ 
12 

ࡽ࢞ࢊ
࢚ࢊ

ൌ െࢗ࢏ࢗ࢏ࡷ ൅ ࢗ࢏ࡷ࢞ െ ࢎ࣓࢖ࡷࢗ࢏ࡷ ൅  ࢊ࣓࢖ࡷࢗ࢏ࡷ
13 

࢞ࢊ
࢚ࢊ

ൌ െࢎ࣓࢏ࡷ ൅  ࢊ࣓࢏ࡷ
14 

ࢎ࣓ࢊ

࢚ࢊ
ൌ
ࢋࢀ
ࢎࡶ
െ
࢞ࢇ࢓ࢀ
࢘ࡳࢎࡶ

 ሻࢋࣂሺ ܖܑܛ
15 

࢕࣓ࢊ

࢚ࢊ
ൌ
࢞ࢇ࢓ࢀ
ࡶ

ሻࢋࣂሺܖܑܛ െ
ࡸࢀ
ࡶ
 

16 

ࢋࣂࢊ
࢚ࢊ

ൌ ࢎ࣓ࢎ࢖ െ  ࢕࣓࢙࢔
17 

ሻݏሺܩ ൌ  
߱௛

߱ௗ
 

where ܩሺݏሻ represent the transfer function relating the input to the output. 

equations (10 - 17) could be rewritten as: 
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ሶܺ ൌ ݂ሺܺ, ܷሻ  18 

where the states variable are:  

ࢄ ൌ ሾ݅ௗ  ݅௤  ݔ஽  ݔொ  ݔ  ߱௛  ߱௢  ߠ௘ሿ் 

and the input is   ࢁ ൌ ߱ௗ 

݂ሺݔሻ ൌ ሾ ଵ݂ሺݔሻ   ଶ݂ሺݔሻ   ଷ݂ሺݔሻ   ସ݂ሺݔሻ   ହ݂ሺݔሻ   ଺݂ሺݔሻ   ଻݂ሺݔሻ  ଼݂ ሺݔሻሿ் 

 for the corresponding states ݑ and ݔ ሻ is the vector of the non-linear functions ofࢁ,ࢄሺࡲ

in equations (10 - 17). 

The Jacobian matrix is obtained as follows: 

࡭ ൌ  డ௙
ሺࢁ,ࢄሻ

డࢄ
ቚ௑ୀ௑బ
௎ୀ௎బ

                  

࡮ ൌ  డ௙
ሺࢁ,ࢄሻ

డࢁ
ቚ௑ୀ௑బ
௎ୀ௎బ

        

ሻ࢞ሺࡲ  ൌ

ۏ
ێ
ێ
ێ
ێ
ێ
ێ
ێ
ێ
ێ
ێ
െۍ

ோା௄೛೏
௅೏

0 ଵ

௅೏
0 0 0 0 0

0 െ
ோା௄೛೜
௅೜

0  ଵ

௅೜

௄೛೜
௅೜

െ
௄೛೜௄೛ା௣೓ట೘

௅೜
0 0

െܭ௜ௗ 0 0 0 0 0 0 0
0 െܭ௜௤ 0 0 ௜௤ܭ െܭ௜௤ܭ௣ 0 0
0 0 0 0 0 െܭ௜ 0 0

0 ௄೟
௃೓

0 0 0 0 0 െ ೘்ೌೣ

௃೓ீೝ
cos ሺߠ௘ሻ

0 0 0 0 0 0 0 ೘்ೌೣ

௃
cos ሺߠ௘ሻ

0 0 0 0 0 ௛݌ െ݊௦ 0 ے
ۑ
ۑ
ۑ
ۑ
ۑ
ۑ
ۑ
ۑ
ۑ
ۑ
ې

 

ሻ࢞ሺ࡮ ൌ

ۏ
ێ
ێ
ێ
ێ
ێ
ێ
ێ
ۍ

0
௄೛೜௄ು
௅೜

0
௣ܭ௜௤ܭ
௜ܭ
0
 0 
0 ے

ۑ
ۑ
ۑ
ۑ
ۑ
ۑ
ۑ
ې

࡯           , ൌ ሾ0 0 0 0 0 1 0 0ሿ                                         

ࡰ ൌ ሾ0ሿ 
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11.2 Frequency Domain Analysis of PDD under IP Controller 

 

From Figure 3.10 ݅ௗ is obtained in a similar way to the PI implementation.  

ࢊ࢏ࢊ
࢚ࢊ

ൌ െ
ࡾ
ࢊࡸ
ࢊ࢏ െ

ࢊ࢖ࡷ

ࢊࡸ
.
ࢉࢊࢁ

ࢉࢊࢁ
כ ࢊ࢏ ൅

ࢉࢊࢁ

ࢉࢊࢁࢊࡸ
כ ࡰ࢞ ൅

ࢗ࢏ࢗࡸࢋ࣓
ࢊࡸ

ቆ૚ െ
ࢉࢊࢁ

ࢉࢊࢁ
כ ቇ ൅

ࢊ࢖ࡷ

ࢊࡸ

ࢉࢊࢁ

ࢉࢊࢁ
כ ࢊ࢏

כ  
19 

 

similarly ݅௤ is obtained from Figure 3.10. 

௤ܮ
݀݅௤
ݐ݀

ൌ െܴ݅௤ ൅ ௤ܸ െ ௗ߱௘݅ௗܮ െ ߱௛݌௛߰௠ 
20 

 
where the control voltage ௤ܸ is given in (21), ݔ is the internal state of the IP speed 

controller and ݔொ is the internal state of the q-axes PI current controller. 

௤ܸ ൌ
ܷௗ௖
ܷௗ௖
כ ൭൫ݔ െ ݅௤ െ ௣߱௛൯ܭ ൬

௜௤ܭ
ݏ
൅ ௣௤൰ܭ ൅  ௤߱௘݅ௗ൱ܮ

 

where ݔ is the internal state of the IP speed controller given by: 

ݔ ൌ ߱ௗ
௜ܭ
ݏ
െ ߱௛

௜ܭ
ݏ

 

and ݔொ is the internal state of the q-axes PI current controller given by: 

ொݔ ൌ ݔ
௜௤ܭ
ݏ
െ ݅௤

௜௤ܭ
ݏ
െ ߱௛

௜௤ܭ௣ܭ
ݏ

 

by substituting  ݔ and ݔொ states in equation (21) we obtain equation (22). 

௤ܸ ൌ
ܷௗ௖
ܷௗ௖
כ ൫ݔொ ൅ ௣௤ܭݔ െ ݅௤ܭ௣௤ െ ߱௛ܭ௉௤ܭ௉ ൅  ௗ߱௘݅ௗ൯ܮ

22 

 

substituting equation (22) in (20) the ݅௤ current equation is obtained in (23) 

݀݅௤
ݐ݀

ൌ െ
ܴ
௤ܮ
݅௤ ൅

ܷௗ௖
௤ܷௗ௖ܮ

כ ൫ݔொ ൅ ௣௤ܭݔ െ ݅௤ܭ௣௤ െ ߱௛ܭ௉௤ܭ௉ ൅ ௗ߱௘݅ௗ൯ܮ െ
 ௗ߱௘݅ௗܮ
௤ܮ

െ
߱௛݌௛߰௠

௤ܮ
 

equations (26– 28) represent the internal states of the PI d- and q-axes current controller 

௤ܸ ൌ
ܷௗ௖
ܷௗ௖
כ ൬ݔ

௜௤ܭ
ݏ
െ ݅௤

௜௤ܭ
ݏ
െ ߱௛

௜௤ܭ௣ܭ
ݏ

൅ ௣௤ܭݔ െ ݅௤ܭ௣௤ െ ߱௛ܭ௣ܭ௣௤ ൅  ௤߱௘݅ௗ൰ܮ
21 
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and the PI speed controller respectively. 

equations (29 to 31) represent the PDD dynamics. 

ࢗ࢏ࢊ
࢚ࢊ

ൌ െ
ࡾ
ࢗࡸ
ࢗ࢏ െ

ࢗ࢖ࡷ

ࢗࡸ

ࢉࢊࢁ

ࢉࢊࢁ
כ ࢗ࢏ ൅

ࢉࢊࢁ

ࢉࢊࢁࢗࡸ
כ ࡽ࢞ ൅

ࢗ࢖ࡷ

ࢗࡸ

ࢉࢊࢁ

ࢉࢊࢁ
כ ࢞ െ

ࢊ࢏ࢊࡸࢋ࣓
ࢗࡸ

ቆ૚ െ
ࢉࢊࢁ

 ࢉࢊࢁ
כ ቇ

െ ቆ
࢖ࡷࢗ࢖ࡷ

ࢗࡸ

ࢉࢊࢁ

ࢉࢊࢁ
כ ൅

࢓࣒ࢎ࢖

ࢗࡸ
ቇ࣓ࢎ 

 

23

For a given value of the inputs ߱ௗ it can be shown that in steady state, the operating 

points of the state variables are obtained as ݅ௗ଴ ൌ 0, ஽଴ݔ ൌ 0, ߱௛଴ ൌ ߱ௗ, ଴ݔ ൌ ݅௤଴ , 

ܷௗ௖ only varies over a small range so the ration  
௎೏೎
௎೏೎
כ  ൎ1, ݅ௗ

כ  is set to zero for maximum 

torque per Ampere since flux weakening is not required, equations (19) and (23) 

become (24) and (25), respectively. 

ࢊ࢏ࢊ
࢚ࢊ

ൌ െ
ࡾ
ࢊࡸ
ࢊ࢏ െ

ࢊ࢖ࡷ

ࢊࡸ
ࢊ࢏ ൅

૚
ࢊࡸ
 ࡰ࢞

24

ࢗ࢏ࢊ
࢚ࢊ

ൌ െ
ࡾ
ࢗࡸ
ࢗ࢏ െ

ࢗ࢖ࡷ

ࢗࡸ
ࢗ࢏ ൅

૚
ࢗࡸ
ࡽ࢞ ൅

ࢗ࢖ࡷ

ࢗࡸ
࢞ െ ቆ

࢖ࡷࢗ࢖ࡷ

ࢗࡸ
൅
࢓࣒ࢎ࢖

ࢗࡸ
ቇ࣓ࢎ 

 

25

ࡰ࢞ࢊ
࢚ࢊ

ൌ െࢊ࢏ࢊ࢏ࡷ 
26 

ࡽ࢞ࢊ
࢚ࢊ

ൌ െࢗ࢏ࢗ࢏ࡷ ൅ ࢗ࢏ࡷ࢞ െ  ࢎ࣓࢖ࡷࢗ࢏ࡷ
27 

࢞ࢊ
࢚ࢊ

ൌ െࢎ࣓࢏ࡷ ൅  ࢊ࣓࢏ࡷ
28 

ࢎ࣓ࢊ

࢚ࢊ
ൌ
ࢋࢀ
ࢎࡶ
െ
࢞ࢇ࢓ࢀ
࢘ࡳࢎࡶ

 ሻࢋࣂሺ ܖܑܛ
29 

࢕࣓ࢊ

࢚ࢊ
ൌ
࢞ࢇ࢓ࢀ
ࡶ

ሻࢋࣂሺܖܑܛ െ
ࡸࢀ
ࡶ
 

30 

ࢋࣂࢊ
࢚ࢊ

ൌ ࢎ࣓ࢎ࢖ െ  ࢕࣓࢙࢔
31 

ሻݏሺܩ ൌ  
߱௛

߱ௗ
 

where ܩሺݏሻ represent the transfer function relating the input to the output. 

equations (24 - 31) could be rewritten as: 

ሶܺ ൌ ݂ሺܺ, ܷሻ  32 
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where the states variable are:  

ࢄ ൌ ሾ݅ௗ  ݅௤  ݔொ  ݔ஽  ݔ  ߱௛  ߱௢  ߠ௘ሿ் 

and the input ࢁ ൌ ߱ௗ 

݂ሺݔሻ ൌ ሾ ଵ݂ሺݔሻ   ଶ݂ሺݔሻ   ଷ݂ሺݔሻ   ସ݂ሺݔሻ   ହ݂ሺݔሻ   ଺݂ሺݔሻ   ଻݂ሺݔሻ  ଼݂ ሺݔሻሿ் 

 for the corresponding states ݑ and ݔ ሻ is the vector of the non-linear functions ofࢁ,ࢄሺࡲ

in equations (24 - 31). 

The Jacobian matrix is obtained as follows: 

࡭ ൌ  డ௙
ሺࢁ,ࢄሻ

డࢄ
ቚ௑ୀ௑బ
௎ୀ௎బ

                 

࡮  ൌ  డ௙
ሺࢁ,ࢄሻ

డࢁ
ቚ௑ୀ௑బ
௎ୀ௎బ

        

ሻ࢞ሺࡲ  ൌ

ۏ
ێ
ێ
ێ
ێ
ێ
ێ
ێ
ێ
ێ
ێ
െۍ

ோା௄೛೏
௅೏

0 ଵ

௅೏
0 0 0 0 0

0 െ
ோା௄೛೜
௅೜

0  ଵ

௅೜

௄೛೜
௅೜

െ
௄೛೜௄೛ା௣೓ట೘

௅೜
0 0

െܭ௜ௗ 0 0 0 0 0 0 0
0 െܭ௜௤ 0 0 ௜௤ܭ െܭ௜௤ܭ௣ 0 0
0 0 0 0 0 െܭ௜ 0 0

0 ௄೟
௃೓

0 0 0 0 0 െ ೘்ೌೣ

௃೓ீೝ
cos ሺߠ௘ሻ

0 0 0 0 0 0 0 ೘்ೌೣ

௃
cos ሺߠ௘ሻ

0 0 0 0 0 ௛݌ െ݊௦ 0 ے
ۑ
ۑ
ۑ
ۑ
ۑ
ۑ
ۑ
ۑ
ۑ
ۑ
ې

 

ሻ࢞ሺ࡮ ൌ

ۏ
ێ
ێ
ێ
ێ
ێ
ێ
ۍ
0
0
0
0
௜ܭ
0
0 
0 ے
ۑ
ۑ
ۑ
ۑ
ۑ
ۑ
ې

          

࡯ ൌ ሾ0 0 0 0 0 1 0 0ሿ             

ࡰ ൌ ሾ0ሿ 
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11.3 Frequency Domain Analysis of PDD under SFBK Controller 

From Figure 3.15 ݅ௗ obtained in a similar way to the PI implementation 

ࢊ࢏ࢊ
࢚ࢊ

ൌ െ
ࡾ
ࢊࡸ
ࢊ࢏ െ

ࢊ࢖ࡷ

ࢊࡸ
.
ࢉࢊࢁ

ࢉࢊࢁ
כ ࢊ࢏ ൅

ࢉࢊࢁ

ࢉࢊࢁࢊࡸ
כ ࡰ࢞ ൅

ࢗ࢏ࢗࡸࢋ࣓
ࢊࡸ

ቆ૚ െ
ࢉࢊࢁ

ࢉࢊࢁ
כ ቇ ൅

ࢊ࢖ࡷ

ࢊࡸ

ࢉࢊࢁ

ࢉࢊࢁ
כ ࢊ࢏

כ  
33 

 

similarly ݅௤ is obtained from Figure 3.15. 

 

௤ܮ
݀݅௤
ݐ݀

ൌ െܴ݅௤ ൅ ௤ܸ െ ௗ߱௘݅ௗܮ െ ߱௛݌௛߰௠ 
34 

 
where the control voltage ௤ܸ is given in (35), ݔ is the internal state of the SFBK speed 
controller and ݔொ is the internal state of the q-axes PI current controller. 

௤ܸ ൌ
ܷௗ௖
ܷௗ௖
כ ൭൫ݔ െ ሾܭఠ௛߱௛ ൅ ఠ௢߱௢ܭ ൅ ௘ሿߠఏ௘ܭ െ ݅௤൯ ൬

௜௤ܭ
ݏ
൅ ௣௤൰ܭ ൅  ௗ߱௘݅ௗ൱ܮ

 

Where ݔ is the internal state of the state feedback speed controller given by: 

ݔ ൌ
௜ܭ
ݏ
ሾሺ߱ௗ െ ߱௢ሻ ൅ ௥ܩ௦ሺ߱௢ܭ െ ߱௛ሻሿ 

and ݔொ is the internal state of the q-axes PI current controller given by: 

ொݔ ൌ ݔ
௜௤ܭ
ݏ
െ ߱௛ܭఠ௛

௜௤ܭ
ݏ
െ ߱௢ܭఠ௢

௜௤ܭ
ݏ
െ ఏ௘ܭ௘ߠ

௜௤ܭ
ݏ
െ ݅௤

௜௤ܭ
ݏ
 

by substituting  ݔ and ݔொ states in Equation (35) we obtain equation (36).  

௤ܸ ൌ
ܷௗ௖
ܷௗ௖
כ ൫ݔொ ൅ ௣௤ܭݔ െ ݅௤ܭ௣௤ െ ߱௛ܭఠ௛ܭ௣௤ െ ߱௢ܭఠ௢ܭ௣௤ െ ௣௤ܭఏ௘ܭ௘ߠ

൅  ௗ߱௘݅ௗሻܮ

 
36 

 

substituting equation (36) in (34) the ݅௤ current equation is obtained in (37) 

௤ܸ ൌ
ܷௗ௖
ܷௗ௖
כ ൬ݔ

௜௤ܭ
ݏ
െ݅௤

௜௤ܭ
ݏ
െ ߱௛ܭఠ

௛

௜௤ܭ
ݏ
െ ߱௢ܭఠ௢

௜௤ܭ
ݏ
െ ఏ௘ܭ௘ߠ

௜௤ܭ
ݏ
൅ ௣௤ܭݔ

െ ݅௤ܭ௣௤ െ ߱௛ܭఠ௛ܭ௣௤ െ ߱௢ܭఠ௢ܭ௣௤ െ ௣௤ܭఏ௘ܭ௘ߠ ൅  ௗ߱௘݅ௗ൰ܮ

 
35 
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݀݅௤
ݐ݀

ൌ െ
ܴ
௤ܮ
݅௤ ൅

ܷௗ௖
௤ܷௗ௖ܮ

כ ൫ݔொ ൅ ௣௤ܭݔ െ ݅௤ܭ௣௤ െ ߱௛ܭఠ௛ܭ௣௤ െ ߱௢ܭఠ௢ܭ௣௤ െ ௣௤ܭఏ௘ܭ௘ߠ

൅ ௗ߱௘݅ௗሻܮ െ
 ௗ߱௘݅ௗܮ
௤ܮ

െ
߱௛݌௛߰௠

௤ܮ
 

equations (40-42) represent the internal states of the PI d- and q-axes current controller 

and the SFBK speed controller respectively. 

Equations (43 to 45) represent the PDD dynamics.  

ࢗ࢏ࢊ
࢚ࢊ

ൌ െ
ࡾ
ࢗࡸ
ࢗ࢏ െ

ࢗ࢖ࡷ

ࢗࡸ

ࢉࢊࢁ

ࢉࢊࢁ
כ ࢗ࢏ ൅

ࢉࢊࢁ

ࢉࢊࢁࢗࡸ
כ ࡽ࢞ ൅

ࢗ࢖ࡷ

ࢗࡸ

ࢉࢊࢁ

ࢉࢊࢁ
כ ࢞ െ

ࢊ࢏ࢊࡸࢋ࣓
ࢗࡸ

ቆ૚ െ
ࢉࢊࢁ

 ࢉࢊࢁ
כ ቇ

െ ቆ
ࢎ࣓ࡷࢗ࢖ࡷ

ࢗࡸ

ࢉࢊࢁ

ࢉࢊࢁ
כ ൅

࢓࣒ࢎ࢖

ࢗࡸ
ቇ࣓ࢎ െ

ࢗ࢖ࡷ࢕࣓ࡷࢉࢊࢁ

ࢉࢊࢁࢗࡸ
כ ࢕࣓ െ

ࢗ࢖ࡷࢋࣂࡷࢉࢊࢁ

 ࢉࢊࢁࢗࡸ
כ  ௘ߠ

37

For a given value of the inputs ߱ௗ it can be shown that in steady state, the operating 

points of the state variables are obtained as ݅ௗ଴ ൌ 0, ஽଴ݔ ൌ 0, ߱௛଴ ൌ ߱ௗ, ଴ݔ ൌ ݅௤଴ , 

ܷௗ௖ only varies over a small range so the ration  
௎೏೎
௎೏೎
כ  ൎ1, ݅ௗ

כ  is set to zero for maximum 

torque per Ampere since flux weakening is not required, equations (33) and (37) 

become (38) and (39), respectively. 

ࢊ࢏ࢊ
࢚ࢊ

ൌ െ
ࡾ
ࢊࡸ
ࢊ࢏ െ

ࢊ࢖ࡷ

ࢊࡸ
ࢊ࢏ ൅

૚
ࢊࡸ
 ࡰ࢞

38

ࢗ࢏ࢊ
࢚ࢊ

ൌ െ
ࡾ
ࢗࡸ
ࢗ࢏ െ

ࢗ࢖ࡷ

ࢗࡸ
ࢗ࢏ ൅

૚
ࢗࡸ
ࡽ࢞ ൅

ࢗ࢖ࡷ

ࢗࡸ
࢞ െ ቆ

ࢎ࣓ࡷࢗ࢖ࡷ

ࢗࡸ
൅
࢓࣒ࢎ࢖

ࢗࡸ
ቇ࣓ࢎ 

െ
ࢗ࢖ࡷ࢕࣓ࡷ

ࢗࡸ
࢕࣓ െ

ࢗ࢖ࡷࢋࣂࡷ

ࢗࡸ
௘ߠ  

39

ࡰ࢞ࢊ
࢚ࢊ

ൌ െࢊ࢏ࢊ࢏ࡷ 
40 

ࡽ࢞ࢊ
࢚ࢊ

ൌ െࢗ࢏ࢗ࢏ࡷ ൅ ࢗ࢏ࡷ࢞ െ ࢎ࣓ࢗ࢏ࡷࢎ࣓ࡷ െ ࢕࣓ࢗ࢏ࡷ࢕࣓ࡷ െ  ࢋࣂࢗ࢏ࡷࢋࣂࡷ
41 

࢞ࢊ
࢚ࢊ

ൌ ࢊ࣓࢏ࡷ െ ࢎ࣓࢙ࡷ࢏ࡷ ൅ ࢕࣓࢘ࡳ࢙ࡷ࢏ࡷ െ  ࢕࣓࢏ࡷ
42 

ࢎ࣓ࢊ

࢚ࢊ
ൌ
ࢋࢀ
ࢎࡶ
െ
࢞ࢇ࢓ࢀ
࢘ࡳࢎࡶ

 ሻࢋࣂሺ ܖܑܛ
43 

࢕࣓ࢊ

࢚ࢊ
ൌ
࢞ࢇ࢓ࢀ
ࡶ

ሻࢋࣂሺܖܑܛ െ
ࡸࢀ
ࡶ
 

44 
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ࢋࣂࢊ
࢚ࢊ

ൌ ࢎ࣓ࢎ࢖ െ  ࢕࣓࢙࢔
45 

ሻݏሺܩ ൌ  
߱௛

߱ௗ
 

where ܩሺݏሻ represent the transfer function relating the input to the output. 

equations (38– 45) could be rewritten as: 

ሶܺ ൌ ݂ሺܺ, ܷሻ  46 

where the states variable are:   ࢄ ൌ ሾ݅ௗ  ݅௤  ݔொ  ݔ஽  ݔ  ߱௛  ߱௢  ߠ௘ሿ் 

and the input ࢁ ൌ ߱ௗ 

݂ሺݔሻ ൌ ሾ ଵ݂ሺݔሻ   ଶ݂ሺݔሻ   ଷ݂ሺݔሻ   ସ݂ሺݔሻ   ହ݂ሺݔሻ   ଺݂ሺݔሻ   ଻݂ሺݔሻ  ଼݂ ሺݔሻሿ் 

 for the corresponding states ݑ and ݔ ሻ is the vector of the non-linear functions ofࢁ,ࢄሺࡲ

in Equations (38–45). 

The Jacobian matrix is obtained as follows: 

࡭ ൌ 
డ௙ሺࢁ,ࢄሻ

డࢄ
ቚ௑ୀ௑బ
௎ୀ௎బ

࡮                  ൌ 
డ௙ሺࢁ,ࢄሻ

డࢁ
ቚ௑ୀ௑బ
௎ୀ௎బ

       

ሻ࢞ሺࡲ

ൌ

ۏ
ێ
ێ
ێ
ێ
ێ
ێ
ێ
ێ
ێ
ێ
ێ
ێ
െۍ

ܴ ൅ ௣ௗܭ
ௗܮ

0
1
ௗܮ

0 0 0 0 0

0 െ
ܴ ൅ ௣௤ܭ
௤ܮ

0 
1
௤ܮ

௣௤ܭ
௤ܮ

െ
 ݄߱ܭݍ݌ܭ ൅ ݄݉߰݌

ݍܮ
െ
݋߱ܭݍ݌ܭ
ݍܮ

െ
݁ߠܭݍ݌ܭ
ݍܮ

െܭ௜ௗ 0 0 0 0 0 0 0
0 െܭ௜௤ 0 0 ௜௤ܭ െܭ௜௤ܭఠ೓ െܭ௜௤ܭఠ೚ െܭ௜௤ܭఏ೐
0 0 0 0 0 െܭ௜ܭ௦ െܭ௜ ൅ ௥ܩ௦ܭ௜ܭ 0

0
௧ܭ
௛ܬ

0 0 0 0 0 െ ௠ܶ௔௫

௥ܩ௛ܬ
cos ሺߠ௘ሻ

0 0 0 0 0 0 0 ௠ܶ௔௫

ܬ
cos ሺߠ௘ሻ

0 0 0 0 0 ௛݌ െ݊௦ 0 ے
ۑ
ۑ
ۑ
ۑ
ۑ
ۑ
ۑ
ۑ
ۑ
ۑ
ۑ
ۑ
ې
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ሻ࢞ሺ࡮ ൌ

ۏ
ێ
ێ
ێ
ێ
ێ
ێ
ۍ
0
0
0
0
௜ܭ
0
0 
0 ے
ۑ
ۑ
ۑ
ۑ
ۑ
ۑ
ې

࡯                         , ൌ ሾ0 0 0 0 0 0 1 0ሿ,                               ࡰ ൌ ሾ0ሿ
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12. APPENDIX D 

10.1. Reduced Order Observer Structure 
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%%%%%%%%%%%%%%%%%%%%%%%%
 % Motor Parameters 
Be = 0.0132; Bh = 1e-4; Bo = 2e-4; Gr = 11.5; 
Jh = 0.0038; Je = Gr^2*Jh ; Jo = 0.0025; JL = 0.0028*10^2; 
Tmax = 135;ns = 23; p =21;  
ph = 2; PHIm = 0.63; Imax  = 8.5; 
J = Jo+JL; 
%%%%%%%%%%%%%%%%%%%%%%% 
%%%%reduced order observer%%%%%%%% 
     
theta_e = 0.90; 
  
A = [0 0 -Tmax*cos(theta_e)/(Gr*Jh) 0; 
       0 0 Tmax*cos(theta_e)/J -1/J; 
       ph -ns 0 0; 
       0 0 0 0]; 
B = [1/Jh 0 0 0]'; 
C = [1 0 0 0]; 
%u = Te; 
D = 0; 
  
% design Lr for the reduced order observer 
%Abb equivalent to A 
%Bb  equivalent to B 
%Aab equivalent to C 
%D is zero. 
  
Aaa = A(1,1); 
Aab = A(1,2:size(A,2)); 
Aba = A(2:size(A,1),1); 
Abb = A(2:size(A,1),2:size(A,2)); 
Ba = B(1,1); 
Bb = B(2:size(B,1),1); 
%%%%%%%%%%%%%%%%%%%%% 
d_poles = [-80 -60+100i -60-100i];   
Lr = acker(Abb',Aab',d_poles)'; 
  
Kxb = (Abb-Lr*Aab); 
Ky = (Aba-Lr*Aaa); 
Ku = (Bb-Lr*Ba); 
  
%transformation matix for the feedback K 
C_hat = [[0 0 0]; eye(size(A)-1)]; 
D_hat = [1 ; Lr]; 
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10.2. Extended Kalman Filter in Simulink dSPACE 
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10.3. Extended Kalman Filter in Simulink with SFBK 
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10.4. Extended Kalman Filter Code in Matlab Embedded Function 

function [x,P] = Kalman_Filter(enable,Iq,Wo,xp,Pp)
  
q1 = 1;  q2 = 0.01; q3 = 0.001;  q4 = 10;  r = 26;   Ts = 1/10000; 
Qd = [q1, 0, 0, 0; 0, q2, 0, 0; 0, 0, q3, 0; 0, 0, 0, q4]; 
Rr=r; 
%------------------ motor parametrs----------------- 
Gr = 11.5; J = 0.005; Jh = 0.0038; Je = Gr^2*Jh ;   
Jo = 0.0025; JL = 0.0028*10^2; Tmax = 135; ns = 23;  
ph = 2; PHIm = 0.63; Kt=(3/2)*ph*PHIm; J= Jo+JL; 
%-------------------------------------------------- 
B = [1/Jh;0;0;0]; 
C = [0,1,0,0]; 
%%% initialize the triger 
if enable == 0 
P = [1, 0, 0, 0; 0, 1, 0, 0; 0, 0, 1, 0; 0, 0, 0, 1]; 
x = [0;0;0;0]; 
else 
P = Pp; 
x = xp; 
end; 
%%% initialize the states 
wh = x(1); 
wo = x(2); 
thetae = x(3); 
TL = x(4); 
Te = Kt*Iq; 
y  = Wo; 
Tse= Tmax*sin(thetae); 
Tce= Tmax*cos(thetae); 
f  = [-(Tse*ph)/(ns*Jh); (Tse-TL)/J; (ph*wh)-(ns*wo); 0]; %% the real 
model 
%--------------------------------------------------------------------
------ 
% prediction step 
%--------------------------------------------------------------------
------ 
xe = x+Ts*(f+B*Te); 
F  = [0, 0, -(Tce*ph)/(ns*Jh), 0; 0, 0, Tce/J, -1/J; ph, -ns, 0, 0; 
0, 0, 0, 0]; 
P  = P+(F*P+P*F')*Ts+Qd; 
%--------------------------------------------------------------------
------ 
% innovation step 
%--------------------------------------------------------------------
------ 
Kk = (P*C')/(C*P*C'+Rr);            %Kk = P*C'*inv(C*P*C'+Rr); 
x  = xe+Kk*(y-C*xe); 
P  = P -Kk*C*P; 
  
for i=1:4                     %check for NAN 
if (isnan(x(i))) 
    x(i)=0; 
    P = [1, 0, 0, 0; 0, 1, 0, 0; 0, 0, 1, 0; 0, 0, 0, 1]; 
end 
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10.5. dSPACE Control Desk Under EKF Experiment  
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13. APPENDIX E 

13.1 Slip Detection Algorithm 

 

 

13.2 Slip Detection Algorithm with SFBK Controller 
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13.3 dSPACE Control Desk Under SDR Experiment  

 

 


