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ABSTRACT

INVESTIGATION OF PARALLEL-CONNECTED GAN E-HEMT
VSI-BASED SERVO DRIVES

Yürük, Hüseyin

Ph.D., Department of Electrical and Electronics Engineering

Supervisor: Assoc. Prof. Dr. Ozan Keysan

January 2022, 138 pages

Nonlinearities in voltage source inverters (VSIs) are thought to be the primary cause

of output voltage distortions which cause low-order harmonics in the output current.

These nonlinearities also considerably degrades control performance and system sta-

bility for low-speed applications with low-inductance motors, particularly when the

system operates in the low-torque area. The impact of the nonlinearities on the phase

current and current control of a silicon (Si) metal-oxide-semiconductor field-effect

transistor (MOSFET) based VSI are examined in this thesis using a coreless perma-

nent magnet synchronous motor (PMSM). To address this issue, a gallium nitride

(GaN) enhancement-mode high electron mobility transistor (E-HEMT) based VSI is

proposed. Based on the results, a GaN E-HEMT VSI-based servo drive is being de-

veloped to replace its Si MOSFET VSI-based counterpart. It is about half the size of

the previous one, allowing for the use of two servo drives in parallel rather than one

for redundancy. The use of parallel-connected servo drives offers the benefit of in-

creased torque capacity, reliability, redundancy, and modularity. Smaller variances in

the system clocks of the separate microcontrollers, asynchronous pulse width mod-

ulation (PWM) carrier signals, and hardware differences, on the other hand, might
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cause non-identical output voltages of the parallel modules, resulting in circulating

currents. These circulating currents limit parallel operation, increase power con-

sumption, induce imbalanced power distribution, and degrade control performance.

A fault-tolerant parallel-connected GaN E-HEMT VSI based servo drive scheme is

proposed to reduce the circulating currents and to eliminate the need for extra in-

ductors at the output and separate DC supplies at the input of the inverters. Various

experimental tests are conducted with up to six parallel-connected servo drives and a

PMSM for validation.

Keywords: nonlinearity in VSIs, dead time, coreless PMSMs, GaN E-HEMT VSI-

based servo drive, parallel-connected VSIs
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ÖZ

PARALEL BAĞLI GAN E-HEMT VSI TABANLI SERVO SÜRÜCÜLERİN
İNCELENMESİ

Yürük, Hüseyin

Doktora, Elektrik ve Elektronik Mühendisliği Bölümü

Tez Yöneticisi: Doç. Dr. Ozan Keysan

Ocak 2022 , 138 sayfa

Çıkış akımında düşük dereceli harmoniklere neden olan çıkış gerilimi bozulmala-

rının birincil nedeninin gerilim kaynağı eviricilerindeki (VSIler) doğrusal olmayan

yapılar olduğu düşünülmektedir. Bu doğrusal olmama durumları ayrıca, özellikle sis-

tem düşük torklu alanda çalıştığında, düşük endüktanslı motorlara sahip düşük hızlı

uygulamalar için kontrol performansını ve sistem kararlılığını önemli ölçüde düşü-

rür. Doğrusal olmayan yapıların, bir silikon (Si) metal-oksit-yarı iletken alan etkili

transistör (MOSFET) tabanlı VSInin faz akımı ve akım kontrolü üzerindeki etkisi, bu

tezde çekirdeksiz bir sabit mıknatıslı senkron motor (PMSM) kullanılarak incelen-

miştir. Bu sorunu ele almak için, bir galyum nitrid (GaN) geliştirme modlu yüksek

elektron hareketli transistör (E-HEMT) tabanlı VSI önerilmiştir. Sonuçlara dayana-

rak, Si MOSFET VSI tabanlı yerine muadili GaN E-HEMT VSI tabanlı bir servo

sürücü geliştirilmiştir. Bir öncekinin yaklaşık yarısı büyüklüğündedir ve yedeklilik

için bir servo sürücü yerine paralel olarak iki servo sürücünün kullanılmasına izin

verir. Paralel bağlı servo sürücülerin kullanımı, artan tork kapasitesi, güvenilirlik, ye-

deklilik ve modülerlik avantajı sunar. Ayrı mikrodenetleyicilerin sistem saatlerindeki
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küçük farklılıklar, asenkron darbe genişlik modülasyonu (PWM) taşıyıcı sinyalleri ve

donanım farklılıkları ise paralel modüllerin özdeş olmayan çıkış gerilimlerine neden

olabilir ve bu da dolaşan akımlara neden olabilir. Bu dolaşan akımlar paralel çalış-

mayı sınırlar, güç tüketimini arttırır, dengesiz güç dağılımına neden olur ve kontrol

performansını düşürür. Hataya toleranslı paralel bağlı GaN E-HEMT VSI tabanlı bir

servo sürücü şeması, dolaşan akımları azaltmak ve invertörlerin çıkışında ekstra in-

düktör ve girişinde ayrı DC besleme ihtiyacını ortadan kaldırmak için önerilmiştir.

Doğrulama için altı adede kadar paralel bağlı servo sürücü ve bir PMSM kullanılarak

çeşitli deneysel testler gerçekleştirilmiştir.

Anahtar Kelimeler: VSI’lerde doğrusal olmayan yapılar, ölü zaman, çekirdeksiz PMSM’ler,

GaN E-HEMT VSI tabanlı servo sürücü, paralel bağlı VSI’ler
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CHAPTER 1

INTRODUCTION

1.1 Motivation and Scope of the Thesis

Permanent magnet synchronous motors (PMSMs) with a coreless structure that is

wound on itself rather than on iron, offer bene�ts such as zero cogging, linear torque

characteristics, and low inertia. These features make them a good candidate for ap-

plications such as gimbals, aerospace, robotics, unmanned systems, optic stabilizers,

etc. where high-precision position control is required [1]. On the other hand, these

motors have low inductance and low electrical time constant, which require a high

switching frequency to reduce current ripple [2] and to obtain a high current control

bandwidth.

For a speci�c target tracking radar application, due to target maneuvers and the

beamwidth of the antenna, the system requirements are speci�ed as a0:02� track-

ing error for5 Hz and5� sinusoidal position reference. The following equations can

be used to calculate the required bandwidth (f bw_pos) of the position controller of the

servo drive which feeds a PMSM coupled to an antenna.

� = A sin (wt)

_� = � Aw cos (wt)

•� = � Aw2 sin (wt)

� = J •�

kp = � � �

f bw_pos =
1

2�

r
kp

J

(1.1)

whereA = 5�= 180rad, w = 2� 5 rad=s, the inertia of the antennaJ = 0:005kgm2.
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From these equations, the required torque� = 0:43 Nm, the required position con-

troller gain kp = 1233:7 Nm=rad and the required position controller bandwidth

f bw_pos = 79:06 Hz are calculated. To be on the safe side, the target position con-

troller bandwidth is taken as100 Hz. As a general rule of thumb, for a cascade

control scheme, the bandwidth of the inner loops should be about ten times higher

than the outer loop. So, following this rule of thumb, the required speed and current

controller bandwidth are approximately1 kHz and10kHz, respectively. In the same

manner, the target switching frequency of the servo drive is set to100kHz during the

thesis.

Two types of inverters, voltage source inverters (VSIs) and current source inverters

(CSIs), are considered for the servo drive. VSIs have DC-link capacitors to achieve

a constant voltage at the outputs. On the other hand, CSIs have DC-link inductors to

deliver a constant current to the loads. The power switches of the VSIs should have

bidirectional current conduction capability and block forward voltage [3]. Hence,

commercial power switches such as Si MOSFETs and GaN E-HEMTs are suitable for

VSIs. The current conduction of the power switches in CSIs is unidirectional, but the

power switches should block reverse polarity voltage as well. Thyristors meet thev-i

requirements of CSIs, but they are mainly used for medium-high voltage and power

applications [4]. The power switches stated above should be used either back to back

connected, which introduces complexity to the gate driver, or in series with a diode. In

both cases, CSIs need six additional power switches, which increases the conduction

losses and also the size of the inverter. The DC-link inductor of the CSIs helps to

limit the current when the motor phases are short-circuited, but it negatively affects

the dynamic response of the system [5]. With the help of output �lter capacitors,

CSIs have nearly sinusoidal voltages at the outputs. This is an advantage for the

EMI problem and also reduces over-voltage problems on the terminals of the motor

compared with the VSI case [6]. However, since the servo drive is supplied from a

low voltage battery, typically24V, in the target tracking radar application, there will

not be such a voltage at the terminals of the motor to cause the insulation to wear

off, even in the case of VSI. Based on the comparisons above, in the thesis, VSI is

preferred for the servo drive due to its lower size and higher dynamic response, and it

is more appropriate for low-voltage and low-power applications.
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In the application, the target switching frequency of the servo drive was set to100

kHz. But, as the switching frequency increases, the effects of the time-related terms

in the nonlinearity in VSIs also increase. The key causes of output voltage distortions

in VSIs are nonlinearities such as

� dead time,

� switching time,

� delay time,

� voltage drops on the power switches,

� parasitic capacitances.

Low-order harmonics in the output current are caused by these distortions, which

raise core losses and cause torque ripples [7–10]. Due to the nonlinearities in VSI,

control ef�ciency and system stability degrade signi�cantly in low-speed applications

with low-inductance motors, particularly when the system operates in the low-torque

region. In Fig. 1.1, the problem is also depicted as a block diagram.

Fig. 1.2a shows an IGBT-based VSI driving a PMSM and the impact of the dead

time, which is one of the nonlinearity factors of the VSIs, on the phase current and

the quadrature currents is shown in Fig. 1.2b ( [11]). The dead time is compensated

by a least-mean-square algorithm ( [11]) and the compensation results are given in

Fig. 1.2c.

The effects of these nonlinearities on the phase current and current control of the Si

MOSFET-based VSI are studied in this work using a coreless PMSM. The in�uence

of the nonlinearities on the current control bandwidth is investigated. This effect

should be considered before tuning linear controllers to achieve high-bandwidth cur-

rent control in zero-crossing regions. In this thesis, a GaN E-HEMT-based VSI is

suggested as a solution to this issue. Following that, advancements in the current

control mechanism are illustrated by analyzing experimental �ndings obtained with

GaN E-HEMT and Si MOSFET-based VSIs. It is shown that GaN E-HEMT-based

VSI is a better option for applications requiring high bandwidth control.

3



Figure 1.1: The block diagram of the nonlinearity problem.

Considering the results of this work, a GaN E-HEMT VSI-based servo drive is de-

signed to replace its Si MOSFET VSI-based counterpart. The size of the designed

servo drive is about half of the previous one. This and the fast switching capability of

the GaN E-HEMT makes it possible to use two parallel servo drives instead of one to

increase redundancy, as shown in Fig. 1.3.

Using parallel-connected servo drives has many bene�ts [12], including increased

torque (hence power output) capacity, reliability, redundancy, and modularity. Smaller

variations in the system clocks of the individual microcontrollers, asynchronous PWM

carrier signals, and hardware differences, on the other hand, will cause the output
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(a)

(b)

(c)

Figure 1.2: (a) IGBT-based VSI to drive a PMSM. (b) PhaseA current (i a) and

quadrature axis currents (i d, i q) without dead time compensation (c) with dead time

compensation (Figures are taken from: [11])

voltages of the parallel modules to be non-identical, resulting in circulating currents

between inverters [13], [14]. These circulating currents restrict parallel operation, add

extra power dissipation, disrupt power transfer, and reduce control ef�ciency [15–17].
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Figure 1.3: The simpli�ed block diagram of two servo drives connected in parallel.

To better visualize, the structure of the two parallel-connected inverters is shown in

Fig. 1.4 ( [18]). Fig. 1.5a ( [18]) depicts the circulating current between inverters

caused by asynchronous PWM carriers. The circulating current is decreased using a

high-frequency voltage compensation technique, as seen in Fig. 1.5b ( [18]).

Separated DC supplies, extra inductors at the outputs, PWM techniques, changed con-

trol approaches, and other strategies have been suggested in the literature to minimize

circulating currents. In this study, a fault-tolerant parallel-connected GaN E-HEMT

VSI-based servo drive system, which removes the requirement for extra inductors and

separate DC supplies while allowing the use of a conventional PI current control and

a standard SVPWM method is presented. By synchronizing the carrier signals, the

circulating current generated by the phase mismatch between carrier signals of the

parallel-connected inverters is removed. By increasing the switching frequency with-

out adding extra inductors to the output of the inverters, the circulating current caused

by inherent hardware variations is reduced. Up to six servo drives are connected in

parallel and tested under various situations using a24V PMSM to investigate the per-

formance of the proposed approach. The results demonstrate that parallel operation

not only enhances the system's torque capacity but also its modularity, �exibility,

reliability, and redundancy.

1.2 The Outline of the Thesis

Chapter 2 presents the background information on the nonlinear components in the

Si MOSFET-based VSI-fed PMSM drive. Next, the effect of changing the switching

frequency on nonlinearities is investigated using ani d current controller. The impact
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Figure 1.4: The structure of the two parallel-connected inverters (Figure is taken

from: [18]).

of the change in apparent resistance along the nonlinear region on the stability of

cascaded control loops is studied. The WBG GaN E-HEMT based VSI is used to

analyze the in�uence of switching frequency and dead time on nonlinearity. For the

GaN E-HEMT based VSI-fed PMSM drive with various dead time values, the band-

width measurements of thei d andi q control loops are provided. Finally, the power

losses and costs of GaN E-HEMTs and Si MOSFETs are determined and compared

with an application.

In Chapter 3, �rst, a basic overview of GaN E-HEMTs is provided. The signi�cance

of the layout as well as the problems of highdV=dtand high switching frequency are

highlighted. Then, some details on a three-phase, two-level GaN E-HEMT VSI-based
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(a)

(b)

Figure 1.5: PhaseA currents (i a1, i a2) of each inverter and the high-frequency circu-

lating current (i 0) (a) without compensation (b) with compensation (Figures are taken

from: [18])

servo drive design are provided. The servo drive's card compositions and functional-

ities are discussed, and �nally, the servo drive's load and emission tests are demon-

strated.

In Chapter 4, the circulating current path produced by asynchronous carrier signals is

examined case by case, and the circulating current simulation outputs are discussed.

Following that, the problem of clock differences across separate microcontrollers is
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shown, and a solution is provided. The suggested parallel servo drive system's func-

tioning is explained, and �nally, the results of dynamic performances under various

situations are demonstrated.

In Chapter 5, the conclusion and recommendations for future work are provided.
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CHAPTER 2

NONLINEARITIES FOR SI MOSFET AND GAN E-HEMT BASED VSIS

2.1 Introduction

In industrial applications, PWM VSIs are commonly used to drive PMSMs. The non-

linearites in VSI create low-order output voltage distortions. The effect of these dis-

tortions on the output voltage depends on the switching frequency, modulation index,

and output frequency. These voltage distortions cause low-order harmonic compo-

nents in the inverter's output current and distort the current waveform, particularly in

the current zero-crossing regions.This reduces power ef�ciency and increases torque

ripple [7–10]. The nonlinearities in VSI have also an impact on the control ef�ciency

of low-speed applications, especially when the system is operating in the low-torque

zone. For gimbal applications, for example, when disturbances such as g-force are not

present, low torque with a speed approaching zero is required during the tracking of

a distant object. A high-performance PMSM VSI-fed drive can be accomplished by

utilizing high current bandwidth regulation and the minimization of VSI nonlinearity

effects.

In the literature, various nonlinearity compensation methods for PWM VSIs are dis-

cussed, with an emphasis on dead time compensation. Compensation techniques can

be classi�ed as either hardware-based which needs additional circuits or software-

based.

A voltage measurement circuit is designed in [19] to calculate the real pole voltage

by using the time measurement module (eCAP) of the DSP. From this information,

the average output voltage is calculated for every switching cycle, and it is compared

to the reference voltage. The difference is applied in the next loop to compensate for
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the effect of dead time. In [20], the phase voltages are scaled using hardware and

given to the controller as an input to calculate the actual duty cycles. The difference

between the actual and desired duty cycle is calculated and utilized as an input to the

dead time distortion shaping algorithm, which compensates for both the dead time

effect and the parasitic capacitance effect. A diode-conduction detector is designed

in [21] to identify the polarity of the phase current by measuring the diode voltage and

comparing it to a reference. When the phase current is �owing out of the leg, only the

top switch is utilized, and the current is freewheeling from the diode of the bottom

switch. It is vice versa when the phase current is �owing in. The dead time issue

is eliminated since the technique does not require dead time to function. An FPGA

is used in [22]. During the zero voltage states, the phase currents of the inverter

are oversampled and the phase current slopes are calculated by using the linear least

mean squares regression. With these inputs, the FPGA predicts the phase currents of

the next switching cycle. A look-up table that is constructed off-line holds needed

compensation times according to predicted currents, and the duty cycles of switches

are updated to compensate for the dead time effect.

Software-based methods can be categorized by

� monitoring sixth harmonics and multiples in quadrature axis currents,

� using a wide bandwidth current controller,

� compensating for average voltage error in each switching period.

Because dead time generates sixth harmonics and multiples in quadrature axis cur-

rents in thed-q frame, a revised repetitive controller, which is preferred for rejecting

periodic signals, is used in [23]. The current loop's closed-loop gain is increased

at those frequencies. The controller is modi�ed by changing the periodicity as a

function of the PMSM's angular speed and it is added in cascade to the PI current

controller. The quadratured-q frame real voltages are computed using the PMSM

model and measured phase currents in [24]. The referenced-q frame voltages are

then calculated using reference quadrature currents while assuming no dead time.

The difference is then added to the reference voltages to remove the dead time effect.

An adaptive single-frequency noise canceller �lter is designed by using the least mean
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square (LMS) algorithm to reduce the sixth harmonic of the quadrature currents in the

d-q frame for FOC andV=f control in [11] and [25], respectively. The cyclical distur-

bances in thed-q reference frame are compensated by the iterative learning strategy

in [26]. The learning patterns are constructed off-line for a speci�c operating output

frequency and stored in the memory to be used later for that operating frequency.

By using a look-up table that shows a relation between the rotor angle and distorted

voltage in the d-q reference frame, the disturbance voltages are estimated in the d-

q reference frame by an adaptive linear neuron-based (ADALINE) algorithm [27].

In [28], based on the harmonic analysis and the Extended Kalman �lter algorithm,

the magnitude of the voltage error is estimated by using the model of the PMSM in

the quadrature axisd-q frame. The polarity detection is based on estimated quadrature

currents during the zero crossing regions.

The performance of wide-bandwidth current controllers with an experiment is ex-

amined in [29] to reject disturbances induced by inverter nonlinearities. Complex

PI, symmetrical optimum, and pole placement current controllers are designed for

a PMSM and the symmetrical optimum current controller provides the best results

among them.

In [30], a graphical approach is utilized to compensate for average voltage errors in

each switching period. Voltage drops, turn-on and off times of the power switches,

and dead time parameters of the inverter are measured of�ine and used in the voltage

compensation algorithm. To �nd the direction of the phase currents during zero-

crossing regions, a current observer is designed by using a discrete model of a PMSM.

The reference voltages are updated for each switching period according to the voltage

compensation method.

The purpose of this chapter is to examine the effects of nonlinearities in the zero-

crossing regions of thed axis quadrature current of Si MOSFET and GaN E-HEMT

VSI-based servo drives. In thed-axis, an of�ine compensation function for Si MOS-

FET VSI-based servo drive is designed to reduce nonlinearities. But it is dif�cult to

obtain a valid compensation function for each input voltage, for all motor speeds, and

for all environmental conditions. However, by using the GaN E-HEMT VSI-based

servo drive, the nonlinearities in the zero-crossing regions of thed axis quadrature
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current are reduced without any compensation method. How nonlinearities in�uence

current control bandwidth is also demonstrated in the chapter.

2.2 Nonlinearity Analysis of SI MOSFET-Based VSI

In this part, the nonlinearities in a Si MOSFET-based VSI are analyzed by comparing

ideal and actual phase output voltages. The voltage errors on the phases are trans-

formed �rst to the� -� frame by the Clarke transform, then to thed-q frame by the

Park transform. Then Fourier analysis is performed to analyze harmonics of the phase

output voltage distortions caused by nonlinearities in the VSI.

In an ideal case, a switch is assumed to have a zero switching time and a zero voltage

drop while in conduction. Fig. 2.1 depicts a standard Si MOSFET-based VSI-fed

PMSM. The top row of Fig.2.2 shows the gate signals of the legA, T1, andT4 Si

MOSFETs, and the second row of the �gure shows the ideal midpoint voltage,Van .

However, voltage drops occur on power switches when they are in conduction and

they have �nite turn-on and off times. Their gate drives also have turn-on and turn-off

propagation delay times. To prevent the cross-conduction of the leg of the VSI, a dead

time is inserted into the corresponding PWM signals of the upper and lower switches.

The third and fourth rows of Fig.2.2 show these situations.

Where;

tdead : the dead time

ton : turn on delay + rise time of the gate drive/Si MOSFET

to� : turn off delay + fall time of the gate drive/Si MOSFET

Vds: drain to source voltage of the Si MOSFET

VFWD : voltage of the free wheeling diode

Ton : ON time of the upper Si MOSFET

TPWM : time period of the PWM

The forms of the falling and rising edges of the leg voltage are affected by the dead-

time interval [31]. Furthermore, because of the output capacitance of the power de-

vice, the rise and fall periods of the leg voltage will vary depending on the phase
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Figure 2.1: Si MOSFET-based VSI PMSM drive block schema

Figure 2.2: Gate signals and legA output voltages of the SI MOSFET-based VSI

current direction and magnitude [32]. For the sake of convenience, the leg voltage

transition is considered instantaneous in this study. All transistors in VSI are sup-

posed to have identical properties, and all inverter legs are considered to be symmet-
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rical. This allows the inverter to be analyzed for just one leg. The phase current is

also assumed to not alter the sign during the study time.

During the dead time interval, the current �ows through the freewheeling diodeD4

when the phase current is greater than zero and through the freewheeling diodeD1

when the phase current is less than zero. Because the output voltage is affected by the

direction of the current, an uncontrollable zone is introduced.

The total voltage difference� Van between the idealVan and the actualVan can be

determined as follows:

wheni a > 0:

� V1 + � V7 = � (TP W M � Ton � tdead � ton)(Vds)

� V2 = � (tof f )(Vdc + Vds)

� V3 = � (tdead � tof f + ton)(VF W D + Vdc)

� V4 = � (Ton � tdead � ton)(Vds)

� V5 = ( tof f )(Vdc � Vds)

� V6 = � (tdead � tof f + ton)(VF W D )

� Vi a > 0 = � V1 + � V2 + � V3 + � V4 + � V5 + � V6 + � V7

(2.1)

where� V1 to � V7 are depicted in Fig. 2.2.

� Vi a > 0 = Vds(� TP W M + 2tdead + 2ton � 2tof f )

+ Vdc(� tdead � ton + tof f )

+ VF W D (� 2tdead � 2ton + 2tof f ) (2.2)

The following formula can be used to measure the voltage error� V over a period:

� V =
� Vi a > 0

TP W M
(2.3)
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wheni a < 0:

� V1 + � V7 = ( TP W M � Ton � tdead � ton)(Vds)

� V2 = � (tof f )(Vdc � Vds)

� V3 = ( tdead � tof f + ton)(VF W D )

� V4 = ( Ton � tdead � ton)(Vds)

� V5 = ( tof f )(Vdc + Vds)

� V6 = ( tdead � tof f + ton)(VF W D + Vdc)

� Vi a < 0 = � V1 + � V2 + � V3 + � V4 + � V5

+ � V6 + � V7

(2.4)

� Vi a < 0 = � (� Vi a > 0) (2.5)

After calculating the volt-second area differences� Vi a > 0 wheni a > 0 and� Vi a < 0

wheni a < 0, the overall voltage error� Van can be expressed as follows:

sign(i a) =

8
><

>:

� 1; if i a < 0

1; if i a > 0
(2.6)

� Van = sign(i a)� V (2.7)

where� V is de�ned in equation (2.3).

Assuming the PMSM is Y-connected, the overall voltage errors of the legs can be

stated as follows [11]. The associated voltage errors are illustrated in Fig. 2.3 to

better visualize them by using ideal phase currents whereI p is the peak phase current

value.

2

6
6
4

� Van

� Vbn

� Vcn

3

7
7
5 =

2

6
6
4

2
3

� 1
3

� 1
3

� 1
3

2
3

� 1
3

� 1
3

� 1
3

2
3

3

7
7
5

2

6
6
4

sign(i a)� V

sign(i b)� V

sign(i c)� V

3

7
7
5 (2.8)

Through the use of transforms by Clarke and Fourier [33], phase voltage errors in the

� -� reference frame can be given as follows and it is illustrated in Fig. 2.4:
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Figure 2.3: Voltage errors in the legs as a result of VSI nonlinearities.
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(2.9)

wheren = 1; 2; 3::: and _� e is the electrical angular speed.

The following are the synchronous rotatingd–q frame voltage errors after implement-

ing the Park transform and are depicted in Fig. 2.5.

2

4� ud

� uq

3

5 =

2

4 cos� e sin� e

� sin� e cos� e

3

5

2

4� u�

� u�

3

5 =
4
�

� V

2

4
12
35 sin 6_� et + 24

143 sin 12_� et + :::

� 1 + 2
35 cos 6_� et � 2

143 cos 12_� et + :::

3

5

(2.10)

The current distortion in thed–q reference frame can then be determined as:
2

4� i d

� i q

3

5 =
4
�

� V

2

4
12

35Z6
sin (6_� et � � 6) + :::

� 1
Rs

+ 2
35Z6

cos (6_� et � � 6) + :::

3

5 (2.11)
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Figure 2.4: Voltage errors in� -� reference frame as a result of VSI nonlinearities.

Figure 2.5: Voltage errors ind-q reference frame as a result of VSI nonlinearities.

L s denotes stator inductance,Rs denotes stator resistance,m = 6; 12; 18:::. Zm and
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� m are given as:

Zm =
q

R2
s + ( m _� eL s)2

� m = tan � 1 m _� eL s

Rs

The output voltage disturbances introduced by nonlinearities contribute5th and7th

harmonics to the phase current as well as to the� -� reference frame currents in the

stationary reference frame, as shown by Equations (2.9) to (2.11). By applying the

Park transform, it is obtained that the phase voltage distortions also introduce the

6th harmonic and its multiples of the fundamental output frequency on thed and

q currents. This condition creates ripples in the phase currents as well as thed–q

currents. The resulting torque pulsations limit the performance of the controller.

2.3 Experimental Study on SI MOSFET-Based VSI

In this part, nonlinearities in VSI are investigated experimentally by using a Si MOSFET-

based VSI.

The Si MOSFET-based3-phase,2-level VSI-based servo motor drive is used to con-

trol a coreless type low inductance PMSM. The servo motor drive is comprised of

TrenchFET Si MOSFETs (SUM90N10), a3-phase gate driver (IRS2336), and a

�oating-point microcontroller (F28335). By considering the dynamic electrical time

parameters of the gate driver and Si MOSFETs in the VSI, dead time is set to1 �s

during the experiments.

Table 2.1 lists the motor parameters, and Fig. 2.6 depicts the experimental setup.

2.3.1 Observation of Current Harmonics as a Result of Nonlinear Effects

To observe the harmonics in the phase current and thed-q reference frame currents

that are caused by the nonlinearities of the VSI, the motor is driven at a speed of5

Hz mechanical speed. To get rid of the audible noise, the recommended switching

frequency (f sw) is given as a minimum of 20 kHz [34]. Therefore, the switching
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Table 2.1: PMSM Parameters

Parameters Value

Rated voltage 24 V

Rated torque 63.3 mNm

Rated speed 16700 rpm

Rated current 5.45 A

Torque constant 12.8 mNm/A

Inductance (l-l) 29.5� H

Resistance (l-l) 0.248


Number of pole pairs 2

Rated power 100 W

Figure 2.6: Experimental setup with Si MOSFET-based VSI.

frequency of the VSI is set to20 kHz, which is also suf�cient to observe these har-

monics.

As seen in Fig. 2.7, nonlinear effects primarily generate5th and7th harmonics in

phase currents, as well as6th and its multiple harmonics ind-q reference frame cur-

rents.
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Figure 2.7: Phase currenti a, d-q reference frame currenti d andi q and their frequency

spectrums in open-loop control.

Phase currents are measured using a power analyzer to see how the fundamental out-

put frequencyf o value affects phase current distortion. The phase voltage error� V

occurs
h
2

times during the half-cycle of output voltage, whereh =
f sw

f o
and the differ-

ence can be calculated asAdif f = h� V. Therefore, asf o is increased, the distortion

of the phase voltage decreases, which in turn reduces the distortion of the phase cur-

rent. Table II shows the percentages of harmonic distortion values of the measured

phase currents when the PMSM is operating at5 Hz and20 Hz mechanical speeds,
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that is,10Hz and40Hz electrical speeds, respectively.

Table 2.2: Phase Current Harmonic Distortions [%] at 10 Hz and 40 Hz Electrical

Reference Speed at No Load

Current Harmonics @10 Hz @40 Hz

5th 7.42 4.67

7th 3.75 2.06

11th 1.27 0.17

13th 0.04 0.70

17th 0.57 1.02

19th 0.21 0.60

THD I 8.52 5.43

2.3.2 Relationships Between Switching Frequency and Nonlinearities

In this part, by using theud-i d graph, the effect of the switching frequency on the

nonlinearity is investigated. This part also demonstrates how the current controller

bandwidth changes according to the operating region in theud-i d graph.

The d-q reference frame voltage equations of the PMSM are indicated in (2.12).

where;

ud : d axis voltage

uq : q axis voltage

Ld : d axis inductance

Lq : q axis inductance

� f : the permanent magnet �ux linkage

� : the derivative operator

Note that, for surface mount cylindrical rotor PMSM,Ld andLq are identical and

denoted asL s.

2

4uq

ud

3

5 =

2

4Rs + Lq� _� eLd

� _� eLq Rs + Ld�

3

5

2

4 i q

i d

3

5 +

2

4
_� e� f

0

3

5 (2.12)
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Figure 2.8: i d current andud voltage, Si MOSFET-based VSI atf sw = 10 kHz to

100kHz.

The standard PI current control approach is used to investigate the in�uence of switch-

ing frequency on nonlinearity. To reach zero speed, thei q current reference is set to0

to minimize the in�uence of the back electromotive force (emf) voltage (_� e� f ) part.

Furthermore, to mitigate the in�uence of the inductanceL s on the output, thei d cur-

rent reference is varied slowly enough that theLd�i d term is close to zero.

In the ideal scenario, the necessaryud voltage equalsRsi d for a giveni d current.

However, this equation is not linear because of the nonlinearity of the system, which

degrades the performance and reliability of the control system. Nonlinearity is partic-

ularly evident in zero-crossing regions of thei d current and is exacerbated by increas-

ing the switching frequency, as depicted in Fig. 2.8 and Fig. 2.9. It should be noted

that the experimental �ndings presented in the �gures indicate the combined effect

from the microcontroller's PWM outputs to the microcontroller's current readings,

which includes parasitic output capacitance, turn on/off time, delay time, dead time,

voltage drops on different modules, and so on.
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Figure 2.9:ud voltage versusi d current, Si MOSFET-based VSI atf sw = 10 kHz to

100kHz.

To evaluate the in�uence of nonlinearity, a chirp signal ranging from10 Hz to 250

Hz is used as thei d reference atf sw = 100 kHz. While the current controller's

bandwidth is built to be about1 kHz, as presented in Fig. 2.10a, it cannot follow the

reference signal at frequencies greater than30 Hz. Then, on thei d reference chirp

signal, an offset current is applied such thatud versusi d acts as a linear system in

this region (Fig. 2.10b). In this linear region, thei d current can follow the reference.

Following that, an offset current is applied to thei d reference chirp signal, causing the

device to enter the nonlinear region (Fig. 2.10c). As can be seen, the reference signal

cannot be followed in this region. It can be concluded that the controller bandwidth

changes according to the operating region in theud-i d graph. The bode diagram

illustrates this issue as well, which can be seen in Fig. 2.11.

The same experimental setup and procedures are performed with varying speeds when

f sw is set to100 kHz to investigate the in�uence of speed on the nonlinearity in

the ud-i d graph. As shown in Fig. 2.12, as the speed increases, the distortion of

the curves reduces at the zero crossing area of theud-i d graph, and theud-i d curve

begins to behave as a piece-wise linear line. This is to be predicted because current

harmonic distortions reduce as speed increases, as seen in Table 2.2. The DC offset

(i.e. � _� eLqi q) in (2.12) is subtracted from theud voltage to get the curves to cross the
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Figure 2.10: Closed-loop time domain response ofi dref and measuredi d current, at

f sw = 100 kHz, Si MOSFET-based VSI. (a) without any offset (b) offset at linear

region (c) offset at nonlinear region

origin of Fig. 2.12.

According to industry experience, whenLq = Ld, current controllers in motor control

applications are better tuned by using thed axis, since tuning in theq axis can result

in problems due to back-emf effects acting as disturbance factors. The motor shaft

may be locked or rotated by a second motor at constant speed in order to tune the

current controllers in theq axis. However, because the used motor has identicald

andq axis parameters, tuning the controller in theq axis yields identical controller

parameters. Since the controller parameters are obtained by where the tuning occurs
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Figure 2.11: Frequency response ofi dref and measuredi d current, atf sw = 100 kHz,

at nonlinear and linear regions, Si MOSFET-based VSI.

Figure 2.12:ud voltage versusi d current, with varying motor shaft speed andf sw =

100kHz, Si MOSFET-based VSI.

in a particular region in theud-i d graph seen in Fig. 2.10, these parameters have

the potential to destabilize the system in the other regions of the same graph. As an
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example, when the tuning is performed in the linear region, the system may become

unstable when the operation point moves to the nonlinear region. This will be further

investigated below:

To achieve a smooth integrator-like open-loop response when using a traditional PI

controller in a current controller, the general rule of thumb is to position the con-

troller's zero close to the pole of theR-L circuit. Given the plant as anR-L circuit,

the transfer function fromud voltage toi d current can be expressed as in (2.13). The

current controller parameters can then be selected by (2.14) and (2.15), wheref bw is

the target bandwidth, which is set to1 kHz.

i d

ud
=

1
L(s + R

L )
(2.13)

K p = 2�f bwL (2.14)

K i = K p
R
L

(2.15)

However, as discussed above and shown in Fig. 2.9, the apparent resistance, that is

the resistance seen by the controller, obtained from theud-i d curve changes along the

nonlinear region. The local slope of theud-i d curve is used to estimate the changing

apparent resistance value. Forf sw = 100 kHz, the difference inud voltage for every

0.25A change ini d is recorded, and the apparent resistance (� ud / � i d) is determined

and shown in Fig. 2.13. As shown in Fig. 2.13, the apparent resistance value in-

creases more than tenfold as the system enters the nonlinear region. To demonstrate

the impact of the nonlinear region on system performance, a current controller is cal-

culated using (2.14) and (2.15). Then, the open-loop bode diagram of the controller

and plant model is calculated. Then, for comparison, a ten-fold resistor value is used

in the plant model. The change in the open-loop bode diagram is compared in Fig.

2.14. The bandwidth of the current control in the nonlinear region is decreased as the

apparent resistance value increases. When a100Hz bandwidth position controller

is tuned, assuming a1 kHz bandwidth current control loop, the device may become
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Figure 2.13: Variation of the apparent resistance value along the nonlinear region at

f sw = 100 kHz.

Figure 2.14: Current control open-loop at linear and nonlinear regions atf sw = 100

kHz.

unstable since the bandwidth of the current controller in the nonlinear region is re-

duced. Fig. 2.15 depicts this phenomenon, in which the position closed-loop system

becomes unstable in the nonlinear region of the current control.
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Figure 2.15: The effect of the nonlinear region on the position control loop atf sw =

100kHz.

2.3.3 The Calculation of the Compensation Function

As stated in the previous section, nonlinearities in the zero-crossing regions will cause

the device to become unstable. A compensation function (f (i d)) can be used to reduce

such nonlinearities. Thei d andud values obtained at a switching frequency of20

kHz are used in this part. Theud versusi d graph is divided into sections, and curve

�tting is used on each section to determine the function off (i d). Fig. 2.16 depicts

these divided sections. As can be seen from the �gure, especially at the zero-crossing

regions of thei d current where the effects of nonlinearity arise, the number of sections

had to be increased to better �t the curves at these regions. Note that each section is

shown as a separate number. To calculate the compensation function, eight parts are

used in total. Then, using polynomial functions of up to order �ve, curve �tting is

performed on each of these parts. The results of the curve �tting of each part are

shown in Fig. 2.17, and they are demonstrated on the original measurements to better

visualize them. It should be noted that the number of sections, the degree of the �tted

polynomials, the data logging sampling frequency, and the input voltage all have
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Figure 2.16: The sections of thei d current andud voltage graph atf sw = 20 kHz.

Figure 2.17:ud voltage versusi d current graph with �tted curves atf sw = 20 kHz.

an impact on the results and should be taken into consideration when producing the

compensation function off (i d).
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Figure 2.18: The100Hz i d reference and the measuredi d values with and without

the nonlinearity compensation, Si MOSFET-based VSI.

2.3.4 Experimental Results of the Compensation of the Nonlinearity

The compensation functionf (i d) is validated experimentally in this section. The

results are analyzed both in the time and frequency domains.

A 100Hz sinusoidali d reference signal is applied without and with compensation of

nonlinearity by using the functionf (i d). The results are shown in Fig. 2.18. As can

be seen from the �gure, the effect of nonlinearity on current controller bandwidth is

reduced by using the compensation function.

As ani d reference signal, a chirp signal with a frequency range of10Hz to 250Hz

is used, both with and without compensation of the nonlinearity, which is shown in

Fig. 2.19. The increase in the bandwidth of the current controller is also presented by

using the bode diagram, and it is depicted in Fig. 2.20.
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Figure 2.19: Chirp signal from10Hz to 250Hz i d reference and measuredi d in time

domain, Si MOSFET-based VSI. (a) without compensation (b) with compensation

2.4 Experimental Work with GaN E-HEMT Based VSI

2.4.1 Nonlinearities in GaN E-HEMT Based VSI: Effects of Switching Fre-

quency and Dead Time

In this part, the effect of the switching frequency and the dead time on the nonlinearity

are demonstrated by using theud-i d graph. A GaN E-HEMT based VSI is utilized

during the experiments.

The most dominant terms in the nonlinearity are dead time, Si MOSFET/gate driver

rise/fall time, and Si MOSFET/gate driver turn-on/off delay time. The effect of these

time parameters increases as the switching frequency increases. A dead time of1

�s , for instance, refers to1% of the period whenf sw is 10kHz, but10% whenf sw is

100kHz. Different techniques are used to reduce these nonlinearities in the literature,
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Figure 2.20: Chirp signal from10 Hz to 250Hz i d reference and measuredi d with

and without compensation in frequency domain, bode diagram, Si MOSFET-based

VSI.

such as [19], [23], [29], [30], where details are given in Chapter 2.1. Aside from these,

the compensation functionf (i d) can also be used to reduce nonlinearities. However,

for each input voltage, for all motor speeds, and all environmental conditions, it is still

hard to obtain a validf (i d). Thus, in place of the Si MOSFET-based VSI motor drive,

a GaN E-HEMT-based VSI motor drive can decrease the impact of time parameters

on nonlinearity without having to deal with complicated calculations.

The switching frequency must be high enough to build a high current control band-

width VSI [35], but as the switching frequency increases, the nonlinearities in the sys-

tem also increase accordingly, as described in the previous sections. GaN E-HEMT

VSI fed motor drives are considered as an alternative to Si MOSFET-based VSI mo-

tor drives to balance this condition by having the fast switching capability of the GaN

E-HEMT, which allows much shorter dead time. A3-phase,2-level GaN E-HEMT-

based inverter (BOOSTXL-3PHGANINV) and a �oating-point type microcontroller

(C2000 F28379D) are used in the experiment. Each phase of the inverter is com-
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Figure 2.21: Experimental setup for GaN E-HEMT based VSI.

posed of two GaN E-HEMTs in a half-bridge con�guration with an integrated gate

drive (LMG5200). Although LMG5200 allows even lower, the dead time is set to20

ns to be on the safe side while using these evaluation boards. Fig. 2.21 depicts the

experimental setup.

The same PMSM that was presented in Section 2.3 is used to investigate the in�u-

ence of switching frequency on nonlinearity. To test the GaN E-HEMT based VSI,

the same test method as de�ned in Section 2.3.2 is used. The maximum switching

frequency of the GaN E-HEMT based VSI is held at100kHz for comparative anal-

ysis.20ns of dead time refers to0:02%of the switching period whenf sw is 10kHz

and0:2%whenf sw is 100kHz. As shown in Fig. 2.22, it is not so straightforward to

observe nonlinearities in zero-crossing regions with a dead time of20 ns compared

with the Si MOSFET-based VSI case (Fig. 2.8). Since the dead time and also the

turn-ON/OFF times of the GaN E-HEMT and integrated gate driver (LMG5200) are

too small, the corresponding nonlinearities do not need any further compensation.

To show the effect of the dead time on the nonlinearity, the same test is applied to the
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