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ABSTRACT
FLUX-WEAKENING CONTROL FOR PERMANENT-MAGNET

SYNCHRONOUS MOTORS BASED
ON Z-SOURCE INVERTERS

Muyang Li

Marquette University, 2014

Permanent magnet synchronous machines (PMSMSs) have high efficiency, high
power density, high torque-to-inertia ratio, and fast dynamic response. These features
make this kind of machines very attractive for electric vehicle (EV) applications.
However, because of their nature, i.e., constant magnet flux provided by magnets, these
machines have a narrow constant power speed range (CPSR). This limitation is a strong
drawback for application of PMSMs in electric vehicles, where high speed is the top
requirement. Two different approaches can extend the maximum speed under constant
power: (1) Increasing a drive’s output voltage, and (2) implementing flux-weakening
(FW) control methods. However, a conventional drive’s output voltage is limited by its
dc bus. Furthermore, FW control methods are constrained by the maximum output
voltage of a drive. In this work, a new approach is demonstrated to obtain a wider CPSR
range by implementing a Z-source inverter as a motor-drive. Such a Z-source inverter
can provide highly boosted voltage and is immune to dead time and shoot through
issues. In addition, in this thesis, a constant power FW control algorithm is developed
and simulated for this new approach.

In order to state the research objective of this thesis, a basic background is
presented at the beginning. Then, the mathematical models of PMSMs are deduced,
where the motor model in a d-g frame is a foundation of the vector control method.
With the purpose of increasing the CPSR, it is necessary to give a thorough analysis
about the control principles of PMSMs for different operation conditions. Initially, the
maximum torque per ampere (MTPA) control is described in detail in the constant
torque region. Then, the FW control is explained in the constant power region. To
simulate the control operations of PMSMs in different regions, a conventional motor-
drive system model is presented with its mechanical loads. Meanwhile, a closed-loop
control, which implements MTPA control at low speeds and FW control at high speeds,
is implemented to operate the conventional inverter in the motor-drive system.

As recommended in many previous investigations, Z-source inverters are
selected to replace conventional inverters for higher output voltages. Hence, Z-source
inverters are investigated and simulated here with special control methods. In order to
replace a conventional inverter in a motor-drive system, a novel control algorithm is
developed to control boost voltage operation of Z-source inverters. A new motor-drive
system, which implemented a Z-source inverter, is simulated with closed-loop MTPA
and FW control. Comparison between the two control methods shows that a wider
CPSR and better performance can be obtained by utilizing Z-source inverters
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Chapter 1
Introduction

1.1 Background of the Problem

For the last couple of decades, interior permanent magnet synchronous
machines (IPMSMs) have attracted great attention in various industry applications,
particularly for the electric vehicle (EV) propulsion systems. The reasons for IPMSMs’
attractiveness stem from their high power density, high efficiency, wide speed range,
fast torque-speed response, and decreasing price of permanent-magnet (PM) materials
[1, 2]. For traction and residential drive applications, such as EVs, machines tools, and
washing machines, IPMSM-drive systems normally require wide speed range as well
as high efficiency and high torque to inertia ratio, especially at low speeds [3, 4].
Research on drives controlling permanent-magnet synchronous motors (PMSMs) for
use in the aforementioned applications has become more and more common in recent
publications [5-10].

In order to obtain satisfactory motor performance under various conditions,
many studies about control strategies have been reported in the literature. One high
efficiency control strategy, the maximum torque per ampere (MTPA) control [11], is
widely used in industry application for its high torque output, efficient utilization of the
dc bus, and minimization of copper losses. For the high speed operations in IPMSM-
drives, it is necessary to have the flux-weakening (FW) control which increases a
motor’s speed range by reducing the flux density and flux in its air-gap [12]. For traction
applications in Evs, IPMSM-drives are designed to provide a constant drive torque up
to a base speed and then to provide torque which is inversely proportional to speed up
to a maximum speed as shown in Figure 1.1 [13]. In the other words, IPMSM-drives

are controlled by a MTPA method at low speeds and a FW method at high speeds.
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Figure 1.1: Typical characteristic curves of torque/power vs. speed of IPMSMs.

In practical applications, most drives for electric automobiles, trains, and buses
require a wide constant power speed range (CPSR) as shown in Figure 1.1, which is
widely used to evaluate an EV’s performance. Thus, it is of great significance to
enhance the FW ability for IPMSMs. The following section outlines the FW control of
PMSMs in variable frequency drives, and the approach to improve the FW performance
from the inverter side.

1.2 Review of Literature

1.2.1 Control of Permanent Magnet Synchronous Motors

Permanent magnet synchronous motors are brushless motors which use rotating
permanent magnets and stationary phase coils. The stator of a poly-phase (or three-
phase) PMSM is essentially of the same structure as that of a poly-phase induction
motor or a poly-phase synchronous motor. The phase currents produces a rotating
magneto-motive force (MMF) in the air gap, whose trajectory is more or less a circle
in the d-g frame. However, in the rotors of PMSMs, the PM materials can be mounted

on or in a rotor body, to constitute surface-mounted PMs or interior-mounted PMs. For



PM machines, there are five popular PM layouts for the rotors of such machines as
shown in Figure 1.2, which include a surface-mounted PM (SPM) machine, (a), an
interior-mounted PM (IPM) machine, (b), a permanent-magnet reluctance machine (c),
a spoke-type PM machine (d), and a permanent-magnet-assisted synchronous
reluctance machine 1, [14]. The operation speed range is significantly affected by the
saliency ratio of the inductances (Lq/ Lq) of the different rotor types. Ultimately, the
application determines the viability of a particular machine configuration. In this thesis,
the discussion and analysis focuses on the flat-bar IPMs, which are widely used in

industry applications.

A I
N —
(@) SPM machine (b) IPM machine

N

-
1 R

(c) Permanent-magnet reluctance (d) Spoke-type PM machine
machine

(e) Permanent-magnet assistant synchronous reluctance machine

Figure 1.2: Rotor layouts for PM machines.



Generally, there are two types of motor control methods: scalar control and
vector control, which have been used to control an induction machine, can also be
applied to PMSMs as well [15]. More specifically, in the scalar control and vector
control categories, there are three main control algorithms [16]:

* Volts/hertz control, in open loop

* Field oriented control (FOC), in closed loop

* Direct torgue control (DTC), in closed loop

Scalar Control

Volts/Hertz Control

Variable Frequency Drive

FOC Control

Vector Control

DTC Control

Figure 1.3: Motor control classification.

The classification of these motor control strategies is shown as Figure 1.3. The
volts/hertz control, which is also called scalar control, is used in relatively simple
applications such as pumps and fans. PMSMs are energized with a constant volts per
hertz ratio which generates a constant airgap flux. The volts/hertz control is a cheap
and well known method which is widely applied in industry. However, the dynamic
performance of volts/hertz control leaves something to be desired. The reason is that
this method controls the magnitude of voltage and frequency instead of the magnitude

and phase of the current [15]. On the contrary to the simple scalar control, both the FOC



and DTC are complex vector controls which have fast dynamic response and high
accuracy. The principle of FOC is that it transfers the three phase time variant stator
currents to two equivalent dc components in which the torque and flux can be simply
decoupled and separately controlled [16]. While the DTC employs the stator voltage
space vectors to directly control the stator flux and the torque [17] according to the
difference between the reference value and estimated results of torque and flux.
Compared with the FOC, the DTC has faster dynamic response, however is more
sensitive to stator resistance. It is difficult to clearly state the superiority of volts/hertz,
FOC and DTC because of the balance of the merits. Ultimately, the application
determines which control method should be implemented in a drive.

For different control objectives, several control strategies, which control the

PMSM based on the FOC method, can be summarized as follows:

MTPA control [18]

FW control [18]

* Unity power factor control [19]

Optimal efficiency control[20]

Compared with unity power factor control and optimal efficiency control,
MTPA control and FW control are more practical in industrial drives. The reason stems
from the maximum drive efficiency of MTPA control and wide PMSM operation speed
range of FW control.

Since high power density, high efficiency PM motors have become the best
replacements of internal combustion engines, the control of PM motors for EV
applications has drawn much attention in recent publications [6, 21]. It is necessary for

Evs as well as many other applications, to operate over both a wide speed range and



high efficiency. Therefore, a control strategy, which uses MTPA control at low speed,

and FW control at high speed, was demonstrated in [22-24].

MTPA

Y

L
7

(Oba.se (Omax Speed

Figure 1.4: Ideal torque vs. speed characteristics for variable speed drives.

Generally, as shown in Figure 1.4, MTPA control is achieved with full field
current throughout the speed range up to the base speed, which is the maximum speed
that can be achieved without FW control [13]. Then, in FW control, holding-on to a
constant armature current, the armature MMF space vector is re-oriented to a position
that opposes the MMF of the PM, and hence reduces the total resultant flux in the air-
gap. This is the basic idea of the so-called FW control in such machines. The weaker
the net resultant air-gap flux the higher the motor speed. That is, in FW control the
resultant air-gap flux is in inverse proportion to the motor speed.

The principle of MTPA control is that the maximum torque of a PM motor can
be generated at a given phase current by keeping a particular torque angle, which is the
angle between current phasor and positive d-axis direction in the d-q frame. In other
words, there is a particular d-axis current and g-axis current pair that causes the

minimum phase current for any torque level. As a result, the MTPA control leads to the



maximum motor-drive efficiency since the copper losses are minimized due to the
minimized phase current.

The term “flux-weakening” is adopted in preference to the less precise “field-
weakening,” since the rotor MMF (field) of a PM motor is a fixed value dependent on
PM geometry and material [12]. Precisely speaking, field-weakening can only be
applied to motors under current controlled MMF (field).Hence, in FW control the
objective is to reduce the output torque of a motor at speeds above the base speed. The
reasons for such an objective stem from two major points. First, it is the only way to
further extend a motor’s speed under limited current and voltage. Second, it is reported
in many publications, especially related to Evs, that a motor’s load torque is in inverse
proportion to such motor’s speed. Thus, FW control is widely implemented for PM
machines in high speed applications.

The principle of FW control in PMSMs is that the air-gap flux can only be
weakened by applying a demagnetizing armature current component along the d-axis
of the permanent magnets. Since the output torque is proportional to product of air-gap
flux and g-axis current component, such torque can be reduced with FW control.

Work on FW control has been presented in many publications such as in [25-
27]. Although the objectives are the same, various FW methods have been reported in
recent years. The early feed forward torque control was modified to achieve FW
operation as discussed in [12]. In [28], the author presented a six-step voltage control
method for FW operation which gives the maximum utilization of the dc link voltage.
Another approach was reported in [24], a voltage compensator and a current regulator
with feed forward decoupling controller were proposed for the FW operation. In
practical applications, the FW algorithm used in AC motor drives was first published

in Kim’s paper [23]. This method has two significant features which are simplicity of



implementation and robustness to the variation in the machine parameters. In [24],
further improvement was achieved based on Kim’s method.

As mentioned in many publications, one major drawback of all the conventional
FW methods is that one must pay attention to the magnitude of the back-electromotive
force (back-EMF), which is proportional to the rotor speed. Since the maximum
inverter voltage is limited in conventional drives by the dc bus voltage, IPMSM motors
cannot operate in speed ranges where the back-EMF is higher than the maximum output
voltage of the drives, again the dc bus voltage. Thus, in EV applications where the dc
bus voltage is limited, the aforementioned CPSR suffers from the constraint imposed
by the drive side. The following section of this literature review discusses the limitation
of conventional drives and introduced the Z-source inverter as an approach to improve
FW performance and extend the CPSR.

1.2.2 Z-Source Inverters

Normally, there are two limitations for all the FW control strategies: maximum
voltage and maximum current. From the design point of view, the current limitation is
usually decided by the motor side in a motor-drive system, which depends on its thermal
dissipation and cooling type. However, the voltage limitation is typically decided by
the drive side, since the dc bus voltage is limited to given values in conventional drives.
For example, the dc bus voltage in Evs is normally rated from 200 to 600 volts
according to the chosen motor [29], and a three-phase input industrial drive usually has
a 310 volts dc bus. As shown in Figure 1.5, where the dc bus voltage is a reference, the
maximum output line-to-line voltage of a traditional/three-phase full-bridge inverter is
about 0.78 of the dc bus voltage value that is 0.78 p.u. for a conventional six step
inverter with 180° conduction cycle per switch [30]. This value is 0.612 p.u. in

sinusoidal pulse width modulated (SPWM) inverters [30]. Meanwhile, it is 0.707 p.u.



for space vector pulse width modulated (SVPWM) inverters [27]. Although different
modulation methods can be selected, the output voltage of conventional voltage source

inverters are still limited because of the inherent step-down function in such inverters.

0.9
0.8
0.7
0.6
0.5

S04
0.3
0.2

0.1

Maximum output line to line voltage in

Six step SPWM SVPWM
Modulation methods

Figure 1.5: Maximum line-to-line voltage of three-phase full-bridge inverters.

In the 2004 Toyota Prius hybrid EV, as shown in Figure 1.6, the electric drive
system contains a conventional inverter for powering a PMSM with a voltage-boost
circuit that is helpful in both reducing the voltage stresses in the switching devices and
expanding the motor’s CPSR [31]. On the negative side, the dc-to-dc boosted pulse
width modulation (PWM) inverter topology suffers from the excess cost and

complexity associated with the two-stage power conversion.

Figure 1.6: Prius drive system using dc/dc boost converter and PWM inverter.
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Figure 1.7: System configuration using the ZSI.

Instead of using a dc/dc boost converter, there are several topologies that can
boost the output voltage of a drive. The recently presented Z-source inverter (ZSI) [32]
and its” extended topologies, quasi-Z-source inverters (qZSls) [33] are all emerging
boost inverters which are very suited for many applications, including hybrid Evs and
fuel-cell vehicles [34]. The dc/dc boost converter in the Prius drive can be replaced by
an impedance network such as the ZSI as shown in Figure 1.7. One attractive merit of
such ZSls and qZSls is that they can buck/boost the voltage with a single stage
configuration, which indicates no requirement for any dc-dc converter to boost the dc
bus voltage [35]. Such advantage can be used to overcome the output voltage
constraints of conventional drives. Moreover, the ZSlIs also demonstrate fault-tolerant
capabilities to shoot-through faults and voltage sags. Thus, recent publications [36, 37]
gave more and more attention to motor drives implementing ZSls.

There are many classical converters which could achieve extra advantages by
implementing the impedance network of ZSlIs, such as Z-source multilevel inverters
[38], and Z-source matrix inverters [39]. Moreover, recent publications also modified
ZSls for more merits, such as the improved Z-source inverter in [40], and switched

inductor Z-source inverter in [41]. For simplicity purposes, this thesis will focus on the



11

original ZSls, while other topologies will be generally discussed in Chapter 3.

Unlike the traditional PWM inverter with a modulation index as the only control
degree of freedom, the ZSls have two control degree of freedom, one using shoot-
through duty cycle and the other one using the modulation index. There are three widely
used control methods for ZSls:

e Simple boost control [32]

e Maximum boost control [42]

e Maximum constant boost control [43]

Other ZSI control methods are also available, for instance, SVPWM [44]. The major
difference between these methods lies in the harmonic distortion, voltage boost ability
and voltage stress on switching devices.

According to the literature review, very few researchers investigated the use of
FW control with a boosted voltage-source inverter for Evs and other applications.
Moreover, the literature review also shows very insufficient research on control
algorithms of ZSls during the FW operation. Therefore, in order to improve CPSR and
FW performance, a proper control method of ZSls has to been developed to support the
FW operation with boosted voltage.

1.3 Thesis Contributions and Organization

In this thesis, a new FW control algorithm for IPMSMs will be presented. The
principal feature of the proposed algorithm is that it eliminates the dc bus voltage
constraint to FW operation by implementing a boost converter which is the ZSI.
Theoretical analysis and simulation will be conducted to verify the feasibility and
advantages of such control strategy. Compared with the conventional FW strategies,
the introduced new method can significantly extend the CPSR and corresponding

torque of IPMSMs. It should be noticed that among such merits are of high importance



12

for traction applications, e.g. Evs.
There are five chapters in this thesis. The organization is as follows:
Chapter 1 briefly reviews the background of PMSMs, FW approaches and ZSls.
Chapter 2 deduces the conventional FW control algorithms.
Chapter 3 presents the schematic and operation principle of the ZSls.
Chapter 4 demonstrates the control strategies for closed-loop FW control with
conventional inverters and ZSls. A new control algorithm will be also presented here.
Chapter 5 summarizes the accomplishments of this thesis and proposes ideas

for future work.
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Chapter 2

Control of Permanent Magnet Synchronous Motors

Control techniques are critical to exploit the power capability of PMSMs over
the entire speed range. This chapter presents details of maximum torque per ampere
(MTPA) control and flux-weakening (FW) control for IPM motors. Before control
algorithms are analyzed, a proper motor model is established at the beginning.

2.1 Introduction

It should be emphasized that PMSMs are attracting growing attention for a wide
variety of industrial applications, from simple applications like pumps or funs to high-
performance drives such as machine-tool servos [16]. Normally, most drives for the
aforementioned applications are designed to achieve high efficiency and wide speed
range as much as possible.

In traction applications, it is a physical phenomenon that the load torque is
usually in inverse proportion to the vehicle speed. Thus, in the low speed range of such
applications, the MTPA control which gives the maximum torque for a given current
value is preferred. This method is widely used in control of both induction motors and
PMSMs. However, in the high speed range of traction applications such as EVs, to keep
a high drive torque is not as important as that in the low speed region. As the desired
objective changes to increasing the motor speed, the FW control which extends the
speed range of the aforementioned applications becomes not only more desired but
necessary.

In general, large speed ranges are possible either with SPM machines which
exhibit little or no saliency because they have surface mounted PMs, even with

concentrated winding configurations, or with IPM machines which have high saliencies
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and inset PMs [45]. However, with respect to SPM motors, IPM motors offer the
advantage of higher inductance values, which implies smaller demagnetization currents
for the FW operation [46]. Moreover, the mechanical structure of IPM motors is more
rugged/robust overcoming the centrifugal forces on their rotors at high speeds. Thus,
IPM motors have become more and more popular for high performance applications,
i.e. Evs. Since IPM motors are more suited for FW control as explained above, the
analysis of FW algorithms will focus on such IPM motors. However, in order to give a
full account of FW control, FW methods used for SPM motors will be introduced as
well.

At the beginning of this chapter, a mathematical model of the PMSM is
introduced in section 2.2. Then, theoretical analysis of steady state controls for the
entire speed range which include MTPA and FW algorithms are analyzed in section 2.3.

2.2 The Mathematical model of PMSMs

In term of phase variables, the electric circuit equations of PMSMs, based on

Faraday’s law, can be written as follows:

v, =R, + a4, (2.1)
dt
. dA
V. =R +—2 2.2
v. =R+ a4 (2.3)
dt

where (v, vy, v,), (ig, ip, i) and R, refer to the phase voltages, phase currents and
resistance per phase, respectively. Here, the a, b and ¢ phase flux linkage equations are
[26]:

ﬂ“a = Laaia + I-abib + Lacic + ﬂ“ma (2'4)
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/1‘0 = Labia + Lbbib + Lbcic +ﬂmb (2'5)
Z’c = Lcaia + chib + Lccic +ﬂ“mc (2'6)
Where, Lgg, Lap, Lacs =+ Lee, represent the various phase and phase-to-phase self and

mutual inductances, respectively. Meanwhile, the 4,4, Amp, and 4,,., refer to the

components of the phase flux linkages induced by the PMs.

b-axis

q-axis

a-axis
(Reference)

c-axis

Figure 2.1: D-g coordinate frame of PMSMs.

In the above equations, the inductances are functions of the rotor position. Here,
the rotor position angle 6 is defined in term of the angle between the magnetic axis of
phase (a) and the rotor g-axis as shown in Figure 2.1. Meanwhile, the flux linkages of

the stator phase windings due to the PMs can hence be expressed as follows:

Ay = Apm COSH (2.7)
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Ay =Am COS(27 1 3—6) = ApmC0OS(O — 27 / 3) (2.8)

Aye = Apm COS(47 1 3—6) = ApmCOS(0 — 47 [ 3) (2.9)

where, ipmis the amplitude of the flux produced by the PMs and the angle 6 is a time-
varying function of the rotor position, which can be represented as follows:

0=|wdt+9, (2.10)
where w, is the electrical speed of the rotor magnetic field and 6, is the initial rotor
position angle.

Basically, a PMSM machine can be looked at as a transformer with a moving
secondary, where the coupling coefficients between the stator and rotor phases change
continuously with the change of the rotor position [18]. As presented above, the
machine model can be described by differential equations with time-varying
inductances which are functions of the rotor position. However, such a model tends to
be very complex because of the time varying inductance coefficients and associated
inductance matrix. In the 1920s, R. H. Park [47] presented a new theory for such ac
electric machine analysis to eliminate the difficulty with the time-varying
parameters/inductances, which is usually called the d-q Park’s transformation, or the
two-reaction theory. Through this method, the variables in the three-phase stationary
reference frame will be transformed to constants in the synchronously rotating reference
frame, which is also called d-q reference frame. Here, that the d-axis is oriented at an 6
angle ahead of the phase a-axis, as shown in Figure 2.1. The voltage transformation can

be written as follows:
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cos@ cos(d - 2?7[) cos(6 + 2?7[)

Vel 2 2z |V
. . T . T
=—|singd sin(@——) sin(@+— 2.11
Vo |=3 ( 3) ( 3) Vb (2.11)
Vo 0.5 0.5 0.5 Ve

Let T represent the Park’s transformation matrix, and S represent the a, b, and ¢
vector of any of the phase variables, current, voltage, and flux linkage. Here, Park’s

transformation can be written in a generalized form as follows:

Sd 5 Sa

Sq |==T|sh (2.12)
3

So SC

where T is:
cosd cos(f - 2?”) cos(6 + 2?7[)

T =|sing sin(e—%z) sin(9+2§) (2.13)
0.5 0.5 0.5

With Park’s transformation, the stator voltage equations in d-q frame are [48]:

. dA
v, =Ri, +—2-n i 2.14
d s'd dt e’ g ( )
d4,
Vq = Rslq +W+ a)eﬂ,d (215)

where, 4, is the d-axis flux linkage and lq is the g-axis flux linkage, which can be
expressed as follows:
Ay =Ly, + A om (2.16)

A =L (2.17)

q qq
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Where, L, is the d-axis inductance, L, is the g-axis inductance, and /Tpm is the
amplitude of flux linkage due to the permanent magnet. According to (2.14) and (2.15),

a dynamic equivalent circuit of a PMSM in the d-q frame can be drawn as shown in

Figure 2.2.
R, L, R, Ly
——W— o —wW—""
I lg WeAm I g
weLdid (UeLqiq
o ) o AR
N\ S

Figure 2.2: Equivalent circuit of a PMSM.

In the steady state at a constant speed A, and 4,become time independent,

hence, d 4, / dtand dA, /dtcan be eliminated from the formulation. If the stator

resistance is negligible or neglected, it follows that the PMSM model can be represented

by a standard mathematical model in the d-g frame as follows [49]:

Vy = -4, (2.18)

V, = 04 (2.19)
I, = fiZ+i (2.20)
V, = V2 + V7 (2.21)

where, fs and \/As are the amplitudes of the space vector of the currents and voltages,
respectively.

Substitute (2.16) and (2.17) into the d-q voltage equations (2.18) and (2.19)

above, one can obtain a model directly related to d-q current components as follows:
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Vy =—a,Li, (2.22)

Vq :a)e(Ldid +ﬂ,pm) (223)

In the d-q frame, the input power of a PMSM can be written as:

i
Sl 3 i

Po=[v. v, Vi ZE[VC’ vq]{id} (2.24)
i q

C
Assuming the motor losses are negligible, then the input power equals the output power,

P,.¢, of the motor, which can be represented as follows:

3, . .
Pout = E(led +V,l, (2.25)

By substituting (2.22) and (2.23) into the upper equation (2.25), one can obtain the

following:

3 : .
Pout :Ewe (ﬂpmlq +(L, — Lq)ldlq) (2.26)

From the output power equation presented above, the output torque of a PMSM can be
deduced. First, the electrical speed of PMSMs is equal to the product of the mechanical

speed times the number of pole pairs, which can be expressed as:
o,=—o (2.27)

where, p is the number of poles. Then (2.25) can be rewritten as follows:

3 | .
Pou :Ega)m(zpmuq + (L~ Ly ) (2.28)

Since the output power is a product of the motor mechanical speed time the

developed/output torque, the output torque can be obtained as:

Pou 3 H 11
To=2ot = 22 Aoy + (L~ ik (2.29)

W,
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The machine’s dynamic equation can therefore be written as follows:

d wnm
dt

Te—Tioad =T friction = J (2.30)

where, T ,aq 1S the load torque, T ficiion 1S the motor-load system friction torque, and

J is the polar moment of inertia of the rotor and the connected load.
It is apparent from the above equation (2.29) that the torque expression for

PMSMs is composed of two components. The first component is called “magnet

excitation torque” which is proportional to /Ipm and the g-axis current. The second

component corresponds to “reluctance torque” due to the difference between the d and
g axes reluctances (inductances). Since the reluctivity of PM materials is very close to
that of the air, SPM motors are usually considered to have the same reluctance in both
d-axis and g-axis, hence the reluctance torque component is zero for these types of
motors. Meanwhile, IPM motors have lower reluctance along the g-axis than that along
the d-axis. Therefore, this reluctance torque component has a positive value for such
IPM motors with a negative d-axis current. This is also one of the merits of utilizing
the IPM motors for the FW operation where the d-axis current keeps increasing in the
negative direction.

2.3 Steady State Control of PMSMs

The main principle in any machine control is to obtain a desired rotating speed.
In order to have such desired speed, the drive torque produced by the machine has to
be controlled. For induction machines, there are three main categories of motor control
methods, which are:

¢ Volts/hertz control [50]

* Field oriented control (FOC) [51]
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 Direct torque control (DTC) [52]

There is no essential difference between the control of induction motors and the control
of PMSMs. The above control methods for induction machines are also the major
control methods applicable to PMSMs.

The volts/hertz control is simple and cheap in implementation. It is usually
designed as an open-loop control. Thus, a resolver/encoder is not required. However, it
is not an option for high performance applications because of the fact hat the torque is
not controllable.

Among the three types of control methods, the FOC is the best solution for high
performance drives. This type of control usually has two closed-control loops. The
outer loop is the speed loop which needs a resolver/encoder for the speed feedback. The
inner loop is the current loop which controls the torque indirectly. Thus, this method
has fast torque response and accurate speed control. The main disadvantage of this
control method is the higher cost in comparison to the volts/hertz control. It has to be
noticed that the resolver/encoder is not necessary if sensorless FOC schemes/methods
are applied.

Instead of controlling torque via the regulation of current, DTC attempts to
integrate the control of flux and torque in a single switching algorithm, taking
advantage of the fact that the voltage can be changed extremely fast when the inverter
electronics switches change state [25]. This approach achieves field orientation without
any speed feedback. This type of control also has the fastest torque response among all
the control methods. The major drawback is that the hysteresis controller used in this
kind of control causes large torque ripples distortion and variable switching frequencies.

It is difficult to state the superiority of these methods discussed above.

Ultimately, the application determines which method should be implemented. For high
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performance applications, the FOC is a promising method which has been widely used
for a long time. Therefore, next section presents the analysis of the FOC strategies
which includes MTPA control and FW control for traction and electric appliance drive

applications.

2.3.1 Field Oriented Control

‘I -
g-axis

Figure 2.3: Phasor diagram of a PMSM in d-q frame.

The concept of FOC was first invented in the beginning of 1970s [53]. This
method brought forward intensive efforts in investigating high performance control of
ac drives because of the fact that an induction motor controlled by an FOC
method/algorithm can be controlled in a similar manner to the control of a separately

excited dc motor [18]. Such FOC is also known as vector control, decoupling control,
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and orthogonal control [18]. In general, the principle of FOC schemes implies
independent (decoupled) control of flux — current and torque — current components of
a stator current through a coordinated change in the supply voltage amplitude, phase
angle and frequency. As the flux variation tends to be slow, especially with current
control, constancy of flux should produce a fast torque response, and consequently
reasonable speed response [50].

The fundamental objective of most FOC algorithms is to control the amplitude,

phase, and frequency of stator flux linkages. This objective can be achieved by

controlling the stator current phasor, I, as shown in Figure 2.3. In terms of phasor

components as shown in Figure 2.3, the voltage equation can be expressed as follows:

V= Eem T RslsT J Xalat JX qTq (2.31)

where, 17; is the stator phase voltage, Eemf is the back-EMF in a PM motor, fs is the

stator current phasor, and X,/X, are the d/q axes reactances. The value of the back-

EMF, E.p,s, can be calculated from the flux linkage due to the permanent magnet, A,,,,
as follows:

Eemt = @eA pm (2.32)

Notice, in the phasor diagram of Figure 2.3, voltages, currents and flux linkages are in
RMS values.

To illustrate how the FOC method controls the motor in a motor-drive system,
a general control structure is presented in Figure 2.4 for a better demonstration. There
are two loops in the control scheme of Figure 2.4: the inner current loop and the outer
speed loop. Normally, the current loop is used to obtain a desired torque. Meanwhile,

the speed loop assures that the actual speed follows the commanded speed.
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In most controller designs related to FOC logic structure, control algorithms are
embedded in the speed regulator portion of the speed loop. Thus, the design of the speed
regulator could be simple or complex according to the various FOC algorithms. Notice
that there is no reference torque that can be found in Figure 2.4. This does not mean
that the torque is not controlled. In fact, a reference torque can be generated by the
speed regulator. Then, current references can be obtained according to this commanded
reference torque. Moreover, torque feedback can also be added into the speed regulator
through a torque transducer, not shown in Figure 2.4. To avoid complexities, the general
speed regulator can be decomposed into the speed regulator which gives the torque
reference, and the torque regulator which produces the current reference. In general,
the speed regulator is the main controller in most FOC logic structures. As to the inner-
loop controller, the current regulator assures that the current follows its reference value
which is the output of the speed regulator. The design of the current regulator usually
depends on motor parameters. While, the design of the speed regulator is usually based
on the nature of the control algorithms.

In conventional FOC categories, there are several control algorithms/strategies,
which, namely, are the MTPA strategy, the FW strategy, unity power factor control,
and optimal efficiency control, etc. [18-20]. For traction applications, the MTPA
control is the most effective strategy in the low speed regions. While, the FW control
is necessary in high speed applications. Although MTPA and FW employ different
algorithms, they are FOC methods in their nature.

2.3.2 Maximum Torque Per Ampere (MTPA) Control Algorithm

In order to produce the maximum torque at a given current value, the torque

expression for PM motors has to be analyzed. For SPM motors, which have no saliency,
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the reluctance torque is zero. Thus, for SPM motors, the torque expression (2.29) can

be rewritten as follows [25]:
(2.33)
Keeping i, = [ and iy = 0, it is the most convenient approach to control an inverter-

fed SPM motor in order to produce the maximum torque.

A .
g-axis

I A

ld d-axis
Figure 2.5: Torque angle.

Since IPM motors have larger g-axis reactance/inductance than d-axis
reactance/inductance, that is, L, > L4, the reluctance torque is present. Therefore, the
maximum torque becomes a combination of the magnet excitation torque and the
reluctance torque. From the Figure 2.5, we can write:

is=1.cos 8 (2.34)
iq:’fssin/} (2.35)
where, I, is the amplitude of the stator phase current of an IPM motor, and S (180° >

B = 0°) is defined as the “torque angle”, which is the angle between the stator phase

current vector and the positive direction of the d-axis as shown in Figure 2.5.
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By substituting (2.34) and (2.35) into (2.29), one can obtain the following:

3p A A
Te Ez(ﬂpm sin g+ (L, — Lq)|scos,8|ssm,8)
3p ~28IN20
or Te EE(APmISSInﬂ"‘(L ) z > j (2.36)

As aforementioned earlier, the developed torque can be seen as a combination of the

magnet excitation torque, T,,,,, and the reluctance torque, T..;, which can be expressed

ag:
as follows:
Te=Tmag T Trel (2.37)
3
where, T imag = P —AomlsSiNB (2.38)
2 2
~28IN2
Tr= p P - p (2:39)

As the torque angle, 8, changes, the variation of the magnet excitation torque and the
reluctance torque can be seen in Figure 2.6, which is obtained from the simulation

results by substituting the parameters in Table 2.1 into the torque equations (2.38) and

(2.39).
o MowrPammes
Apm 0.148wb
Ly 0.0054H
L, 0.0105H
I 10A
Number of poles (p) 6

Table 2.1: IPM motor parameters for MTPA simulation.
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—— Developed torque
7 Magnet excitation torque
Reluctance torque

Developed torque, Nm

-2 [ [ [ [ [ [ [ [
0 20 40 60 80 100 120 140 160 180
Torque angle, degree

Figure 2.6: Developed torque vs. torque angle of IPM motors.

As shown in Figure 2.6, the torque angle corresponding to the maximum magnet
excitation torque does not provide the maximum developed torque. Since SPM motors
don’t have any significant reluctance torque component, the magnet excitation torque
and the developed torque are equal in SPM motors. Therefore, this also implies that
IPM motors have higher maximum developed torque than SPM motors. The torque
angle which results in the maximum torque of IPM motors can be derived by setting

the derivative of the torque in (2.36) to zero, which can be expressed as follows:

dTe_3 P T ~2 _
W —Ez(ipm I SCOSﬂ'i‘(Ld - I—Q)I SCOSZﬂ)—O (2'40)

For further simplicity, (2.40) can be rewritten as follows:

Ao (1008 )+ (Lo — L) ((T.cos )’ ~ (i sin B)°) =0 (2.41)
By substituting (2.34) and (2.35) into (2.41), one can obtain:

Apmia + (Lo — Lo)(is —ig) =0 (2.42)

Since i3 + i2 = IZ, it follows that i, can be expressed as follows:
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lg=+/12—3 (2.43)

By substituting (2.43) into (2.42), a binominal equation of d-axis current can be written

as follows:

2(Lg — Lo)i3 + Apmia —(La— Lg)]- =0 (2.44)

From (2.44), two solutions can be obtained as follows:

Ao+ 1o+ 8(Le—Le) 0
4(Lq— La)

ld1 =

2A
Aom = 2+ 8L L) i -0
4(Lq_ Ld)

la2 = (2.45)

Since IPM motors have larger L, than L4, to obtain a positive reluctance torque, one
has to keep the torque angle larger than 90°, which can be obtained from (2.39).
Therefore, the projection of I, on the d-axis should have a negative value due to such
torque angle, which also indicates that i;, in (2.45) is the expected useful solution.

From the above, the d- and g-axis currents for MTPA control of IPM motors can be

expressed as follows:

Ao 2 BT, o)
" 4(Le— Lo) |

ian=1/]2—i2 (2.47)

Here, the torque angle, B, for this maximum torque condition is hence obtained as

follows:

B = arctan(?q—”‘) (2.48)
ldm

Although voltage constraints are not taken into consideration in the MTPA control, the
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developed torque is limited by supply current. For each supply current value, there is a
particular pair of d-axis current and g-axis current that results in the maximum torque
under that condition. Therefore, the torque angle for the MTPA operation is determined
not only by motor parameters but also by supply current value. For different supply
currents, there are different cross points between the current circles and the MTPA
trajectory as shown in Figure 2.7, which yields different torque angles for MTPA

operations.

I,

MTPA
Trajectory

Figure 2.7: The MTPA trajectory for IPM motors

2.3.3 Flux-Weakening Control Algorithms

For traction applications in Evs, PMSM-drive systems normally require a wide
constant power speed range (CPSR). However, a specific power inverter cannot drive

PMSMs at high speeds because of the fact that the back-EMF is proportional to motor
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speed and air gap flux, thus, leading to higher back-EMF values. Once the back-EMF
becomes larger than the maximum output voltage of the drive, the PMSM will be
incapable of drawing current and hence incapable of developing torque. Thus, when the
back-EMF reaches the voltage threshold of a drive, the rotor speed of such a motor
cannot be increased unless the air gap flux can be weakened. Considering that the rotor
magnetic field generated by the PMs can only be weakened indirectly through armature
MMF demagnetization of the PMs, and hence, an extended speed range can be achieved
by means of FW control. During the FW operation region, a demagnetizing MMF is
established by the stator currents and winding to counteract the “apparent” MMF
established by PMs mounted on the rotor. As a result, the resultant air-gap flux is

indirectly reduced/weakened and correspondingly the motor speed is increased [54].

MTPA Fw

1 ]
1 I
1
1 1
. |
T, : :
1 1
1 1
1 I
1 I
1 1
1 1
[ 1
1 1
! N
L4
(ofmse a)max Speed
(a) Torque vs. speed
A
Constant torque region Constant Power region
i :
1 I
P I 1
P : i
] 1
] 1
1 I
] I
1 I
1 ]
1 ]
1 I
1 1
1 LY
>
(obase a)max Speed

(b) Power vs. speed

Figure 2.8: Typical torque and power characteristics of PMSMs.
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Without FW control, the back-EMF of a PM motor will keep increasing with
speed. Therefore, the output voltage of the drive for such a PM motor has to be
increased to keep desired phase currents. In the constant torque region as shown in
Figure 2.8, amotor can be accelerated by the maximum torque until the terminal voltage
of such motor reaches its limit value at w, = w45, Which is defined as the base speed
or corner speed. Such base speed is the highest speed of a PM motor controlled by the
aforementioned MTPA method.

Substituting (2.22) and (2.23) into (2.21), one can obtain the following for the

space vector of the stator terminal voltage, V:

~ . . 2
v, :\/(a)el—qlq)z+(a)e(|—d|d+lpm)) (2.49)
Thus, from (2.49) the electrical speed, w,, has to satisfy the following expression:

00 = Y. (2.50)
J(Laio + 250+ (Lai)’

Hence, the base speed, wpqse, Can be obtained as follows:

(Whase = - Vmax2 5 (251)
\/(Ld|dm + ﬂpm) + (Lqiqm)

where, 7., is the amplitude of the maximum output voltage space vector of a drive,
and igy,/igy are the d/q axes currents for the MTPA operation condition.

Normally, for all the FW control algorithms, there are two constraints that
should be considered: namely the maximum current and the maximum voltage. Unlike
the aforementioned MTPA control, the torque capability in the FW region is determined
by both current and voltage limitations. In a motor-drive system, the current limitation
is usually decided by the motor side, which depends on a motor’s thermal dissipation

and cooling means. However, the maximum voltage is typically decided by the drive



side, which has a limited dc bus voltage.
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The current limitation, ,,,4,, Which is the amplitude of the maximum phase

current, can be drawn as a circle in the d-q frame as shown in Figure 2.9, which can be

formulated in the following fashion:

Voltage-limiting
Voltage-limiting ellipse ellipse i )
shrinks while speed loc = ApmfLg
increases i

Whase < W < Wy < W3

(2.52)

Current-limiting
circle

(@) Current-limiting circle and voltage-limiting ellipse for IPM motors

Voltage-limiting
circle

Voltage-limiting circle
shrinks while speed
increases

- -

-
P Constant ™~

Whase < W < Wy < W3

Current-limiting
circle

<

v

(b) Current-limiting circle and voltage-limiting circle for SPM motors

Figure 2.9: Current-limiting and voltage-limiting characteristics of PMSMs.
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While, the voltage limitation is an ellipse for IPM motors in the d-q frame as shown in

Figure 2.9 (a), which can be derived form (2.49) as follows:

((ﬂwm/Ld)+(id))z+ (io)’

=1 (2.53)
vieLl)  viel)

where, V; < 7,45, and 7,4, represents the amplitude of the maximum allowable phase
voltage. However, for SPM motors, the voltage limitation becomes a circle due to the
fact that L; = L, as shown in Figure 2.9 (b).

In the FW control category, there are several strategies used for SPM motors
and IPM motors. The three commonly used FW control strategies for SPM motors are
[49]:

* constant-voltage-constant-power (CVCP) control

* constant-current-constant-power (CCCP) control

* voltage and current limited maximum torque (VCLMT) control

Among the three control strategies above, the VCLMT control is widely used
FW control strategy for IPM motors. However, the CVCP control and CCCP control
are more suitable for SPM motors.

» Constant-voltage-constant-power (CVCP) control for SPM motors

Among the three commonly used FW methods for SPM motors, the CVCP
control is the most widely used method because of its simplicity and low requirement
for additional hardware in drives. This method keeps a constant voltage and constant
power by keeping the current vector following the constant power trajectory which is
line QC in Figure 2.9 (b).

As a constant power operation, the rated power is defined as the output power,

P,, at base speed, wpqse, aS Shown in Figure 2.8 (b). Thus, one can obtain the following
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for Py:

(Vbase
Pp=

(p/2)

where, T4 1S the maximum torque for the MTPA operation. Since the output power

T max (2.54)

IS constant, the output power, P, can be rewritten as follows:

e

(p/2)

From (2.54) and (2.55), one can obtain the following:

T.= P, =constant (2.55)

@eT e = Wrase | max = cONstant (2.56)

For SPM motors, the torque expression as previously obtained in (2.33) is: T, =
zgipmiq. As aforementioned in the MTPA control section, the maximum torque for

SPM motors can be obtained by keeping i, = I;. Thus, the maximum torque, Ty, 4, can

be represented as follows:

Tmax:__ﬂ'pmls (2.57)

Substituting (2.33) and (2.57) into (2.56) and rearranging, one can obtain the following:
el q = Whase | { = CONStant (2.58)
From (2.58), the d-axis voltage equation (2.22) can be rewritten as follows:
Vy =-o,L i, ==L, (@, | s) = cONstant (2.59)

Since the d-axis voltage is a constant value, in order to keep a constant phase voltage,
the g-axis voltage has to be constant too. Moreover, since the d-axis voltage component
keeps its value at the base speed, the g-axis voltage component should keep its value at

the same base speed as well, which can be represented as follows:

V, =V,, = constant (2.60)
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where, v, is the g-axis voltage component at the base speed. Due to the zero d-axis

current in MTPA operation for SPM motors, v, can be written as follows:

Vg = Dyae Apm (2.61)

Substituting (2.23), which is v, = we(ipm + Lgig), and (2.61) into (2.60), one can
obtain the following:

@,(Am + Liy) = @, A pm = CONStant (2.62)

From (2.58) and (2.62), the d, g current components for the CVCP control can be

obtained as follows:

i _ Dhase /fi’pm _ﬂupm
q=
o, Ly Ly

(2.63)

j, = e (2.64)
a)e

It is obvious that the d, g current components are linearly related to each other. This

relationship can be expressed as follows:

L. =«
iy +1s (2.65)
pm

From (2.65), the CVCP trajectory can be drown as depicted in Figure 2.10, which is the

|q:|s

line QC.

It should be noticed that the intersection point, M, between the line QC and the
current-limiting circle, represents the boundary of the CVCP control. Any operation
along line section MC violates the current limitation. Thus, the valid CVCP control

trajectory is within the line QM in Figure 2.10.
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Current-limiting

Voltage-limiting circle

circle

A J

lq

Figure 2.10: Constant-voltage-constant power control of SPM motors.
» Constant-current-constant-power (CCCP) control for SPM motors

The CCCP control keeps a constant current and constant power by changing the
g-axis voltage component. The control principle of the CCCP control is similar to the
CVCP control. However, this method normally requires voltage boost capability of
drives to achieve a desired voltage. Thus, it has very limited utilization.

Since the CCCP control has a constant output power as the CVCP control, the
CCCP control also has a constant d-axis voltage as was previously derived in (2.59),

which can be restated as follows:
Vg =—a,L i, =—L (@}, 1) = constant (2.66)

Thus, the g-axis current can be expressed as in (2.64), which yields the following:

j, = D (2.67)
a)e
Since the CCCP control keeps a constant phase current value, by substituting (2.67)

into (2.20), the d-axis current can be written as follows:
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(2.68)

Substituting (2.68) into the g-axis voltage equation (2.23), one can obtain the following:

Vo=@, (Aon + Lyiy) = @, Aom — Ly Ism

As the speed, w,, keeps increasing, the g-axis voltage value, v,, experiences a slight

(2.69)

drop and then it keeps increasing as shown in Figure 2.11. Since the d-axis voltage is

constant, the phase voltage value in the CCCP control depends on the g-axis voltage

component. As shown in Figure 2.12, the current trajectory of the CCCP control follows

its current-limiting circle. While, the voltage trajectory changes according to the g-axis

voltage.
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Figure 2.11: The g-axis voltage trajectory of the CCCP control.
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g-axis

Current-limiting circle
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Figure 2.12: Constant-current-constant power control of SPM motors.

» Voltage and current limited maximum torque (VCLMT) control for
IPM motors

The VCLMT control can be employed for both SPM and IPM motors with the
same operation principle. There is only a slight difference in calculations of d, g current
components between the two types of PM motors. For simplicity, this section only gives
the analysis of the VCLMT control for IPM motors.

As one FW strategy for IPM motors, VCLMT control follows two constraints
which are the current-limiting circle and the voltage-limiting ellipse, as shown in Figure
2.9 (a). As the speed increases, with the center of the ellipse remaining the same, the
voltage-limiting ellipse becomes smaller and smaller as shown in Figure 2.9 (a). The
Lgm and ig,, for MTPA control cannot satisfy the voltage constraint above the base
speed. Therefore, new d, g current components are required to keep the maximum phase
voltage, V.45, in the FW region. Such d, g current components can be obtained from

the voltage constraint equation (2.53) as follows:
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(Laia)” + (L, + A pm) = L (2.70)

;
From the current-limiting circle, Figure 2.9, and (2.52), one can obtain the following:
—ia (2.71)

By substituting (2.71) into (2.70) and rearranging, a binominal equation of the d-axis

current can be written as follows:

(L5 — L& + 24 yLaia + Ao+ L2120 — (v 2/ ) =0 (2.72)

From (2.72), two solution can be obtained as follows:

ALt Gl = (L= LA+ L = Vi 1 0°)
(La-L3)

<0

la1=

_/’{pml_d_\/(ﬂpml—d)z_(l—é_LS)(lpm-'_Lq max_(Vmax /a)e) )

-1 >0 (2.73)

ld2 =

Since the demagnetizing current should be a negative value, the root i, in (2.73) is the
expected useful solution for the FW operation. From the above analysis of the VCLMT

strategy, the d- and g-axis currents for the FW control of IPM motors can be expressed

as follows:
2 2 2
: _lpml—d +\/(lmed) _(Ld - Lq)(/lpm‘f‘ Lq maX_(Vmax /a)e) )
lave, = 7 2 (2.74)
(Lq_ Lq)
iquCL =4I rznax - ig,VCL (2.75)

For the whole speed range of operation, a recommended control strategy for
IPM motor is the combination of the MTPA control and FW control. The optimal
current vector trajectory for the MTPA control and the FW control is shown in Figure
2.13. This strategy implements the MTPA control in the low speed region, which is

region OA as shown in Figure 2.13, until the base speed. Then, it employs the FW
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control at region AB, when the speed is above base speed.
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Figure 2.13: Optimum current vector trajectory in the d, g frame for IPM motors.
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From the voltage ellipse equation (2.53), the center of the voltage ellipse is
located at a point C (—/Tpm/Ld, 0), as shown in Figure 2.9 and 2.13. Notice that A,,,, /L
is usually defined as the short-circuit current. Once the maximum inverter current, I,,, 4,
becomes equal to or larger than the short-circuit current, the permanent magnet can be
fully demagnetized. In another word, the permanent magnet flux, 4,,,,, can be fully
cancelled/eliminated.

With a large size inverter which has I,,,,, > (/ipm/Ld) as shown in Figure 2.13
(@), the lossless machine is capable of attaining infinite speed. Above a certain speed at
point B, the maximum torque becomes only voltage limited. Then the current trajectory
follows the voltage ellipse rather than the current circle for the maximum torque.

With a small size inverter which has I,,,4, < (ipm/Ld) as shown in Figure 2.13
(b), the maximum speed at point B is finite. The maximum torque can be found at the
intersection between the voltage-limiting ellipse for that speed and the current-limiting
circle. In most design cases, we only have [,,,4, < (/Tpm/Ld), which means that the
permanent magnet is too strong to be fully demagnetized.

Since the more demagnetizing current in the negative d-axis direction the deeper
the flux weakening, the maximum speed of the VCLMT control can be obtained by

substituting iy = —1,,,4, and ig = 0into (2.70) as follows:

2

T 2V max
(—Ldlmax'i‘lpm) - a)z (276)

e

or

VL,
(Aom I Ly = Tnax)

We = Wmax (2-77)

For a large size inverter, the denominator in (2.77) could be zero. Therefore, the

theoretical speed is infinite.
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Chapter 3

Z-Source Inverters

Inverters are absolutely necessary components on realizing any modern ac
motor control applications. This chapter presents details of a unique inverter which is
the Z-source inverter, including its topologies, operation principles and control methods.

3.1 Introduction

The process of converting dc to ac power is called inversion and it is the inverter
which creates the variable frequency from the dc source which is used to drive an ac
motor at variable speed [51]. As a new invention, the Z-source inverter (ZSI) was first
proposed by [32]. The most significant characteristic of such ZSl is its ac voltage boost
capability, which is not available in conventional inverters. In many applications such
as photovoltaic power generation, electric/hybrid vehicles, machine tools, etc., the
voltage was boosted by additional dc/dc converters or transformers which can now be
replaced by ZSlIs. The ZSI also has the same function as conventional inverters.
Therefore, such inverter topology can be used in various industrial applications.

The ZSI, shown in Fig. 3.1, is a buck-boost converter which employs a unique
impedance network to couple the inverter main circuit to the dc link/ dc bus. The name
“Z-source” also stems from this impedance network preceding the inverter switches
bridge. Figure 3.2 shows the conventional three-phase voltage-source inverter structure,
which uses a dc voltage source supported by a relatively large capacitor to feed the
three-phase bridge. Compared to the conventional inverter topology in Figure 3.2, the

ZS| has an extra impedance network which consists of two inductors and two capacitors.
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Figure 3.2: Traditional voltage-source inverter.

The unique feature of the ZSI is that the output ac voltage in theory can be any
nonnegative value regardless of the dc source voltage. Such an inverter has many
other advantages that can be listed as follows [32, 36]:

= Provide ride-through during voltage sags.

» Improve power factor.

= Eliminate dead time and reduce harmonics in current waveforms and

common-mode voltage.

= The shoot-through switching state will no more cause catastrophic damage.
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Compared to conventional inverters, the major drawback of the ZSI is the
impedance network which requires extra cost and large space due to the associated
bulky inductors and capacitors. However, compared to conventional two-stage power
conversions for boosting ac voltage, the ZSI has fewer semiconductor switches, lower
price, and higher efficiency [55]. For instance, Figure 3.3 shows the traditional two-
stage voltage boost structure for fuel-cell applications. The dc-dc boost converter and

the three phase inverter can be replaced by a ZSI as shown in Figure 3.4.
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IBE i
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! I
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! I
1 1
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Fuel cell Three-phase
stack inverter

Figure 3.3: Traditional two-stage power conversion for fuel-cell applications.

Three-phase
inverter

Figure 3.4: Z-source inverter for fuel-cell applications.
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Conventional voltage source inverters (VSIs) and current source inverters (CSIs)
suffer from similar problems when used in many applications. Specifically, VSIs must
have a dc bus voltage which is greater than the peak value of the line-to-line output
voltage of such inverters. Similarly, the input voltage of CSls has to be less than the
output voltage. Thus, they are either buck converters or boost converters. However, the
output voltage of such converters can be varied as desired by coupling the Z-impedance
network with conventional VSI or CSI topologies. Since the ZSI was introduced in
2003, many improved topologies based on the original ZSI design have been developed
and presented. In order to achieve bidirectional power flow, the diode, D1, shown in
Figure 3.1 can be replaced with a bidirectionally-conducting unidirectionally-blocking
switch. In addition to the voltage fed ZSI shown in Figure 3.1, a current fed ZSI is also
feasible, as shown in Figure 3.5 [56]. To reduce the passive component ratings, other
topologies such as quasi-Z-source inverters (qZSls) were introduced as shown in Figure

3.6 (athrough d) [33].
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Figure 3.5: Current source Z-source inverter.
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Figure 3.6: Quasi-Z-source inverters.
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The Z-source concept can be applied to all circuits of dc-to-ac, ac-to-dc, ac-to-
ac, and dc-to-dc power conversion. The Z-impedance network can be coupled with
many conventional topologies, such as Z-source matrix converters [57, 58], Z-source
multilevel inverters [59, 60], Z-source rectifiers [61, 62], etc. Therefore, the Z-source
concept can be used in various industrial applications, such as photovoltaic power
generation systems [63], adjustable speed drives [36], dc power supplies [64], etc. In
order to describe the operating principle and control methods for the Z-source
converters, this chapter focuses on the analysis of the original ZSI.

3.2 Operation Principle and Passive Components Design

The essential operation principle of a ZSl is similar to a dc-to-dc boost converter
which utilizes a charged inductor, L, to boost the output voltage and utilizes a capacitor,
C, to sustain a constant output voltage as shown in Figure 3.7. Notice the reversal of

the voltage polarity across the inductor from the charging mode to the active mode in

Figure 3.7.
N
2
I
S 1|=FC Load
(@) Charging mode
N
L~
Icl IdC
5 —C Load

(b) Active mode

Figure 3.7: A dc-dc boost converter.
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In the charging mode of a dc-dc converter as shown in Figure 3.7 (a), the
inductor current keeps increasing and the diode is not conducting. The output voltage
across the load is sustained by the capacitor, C. In the active mode as shown in Figure
3.7 (b), once the switch, S, is opened, the inductor, L, starts to discharge and the diode
is conducting. Once again, notice the reversal of voltage polarity across the inductor.
Since the inductor current is on the decline in the discharge operation, the voltage across
the inductor changes polarity to the direction that supports the dc current, I;.. Therefore,
the output voltage/capacitor voltage become higher than the dc supply voltage. Suppose
the capacitor is relatively large and hence, its voltage is sustained as in the active mode,
the output voltage of the dc-to-dc boost converter can be seen as a constant which is
higher than the dc supply voltage.

From the analysis of the traditional dc-to-dc boost converter, a charged inductor
is required to achieve the voltage boost capability. Therefore, a special switching mode
on the inverter bridge is employed, which is turning on both the upper switch and the
lower switch in one phase leg at the same time as in a shoot-through switching mode.
Once the two switches in one phase leg are turned on, the load is shorted and the two
inductors in the ZSI start to be charged. This shoot-through zero state (shoot-through
state) is forbidden in traditional voltage source inverters, because it would cause a near
total short circuit across the dc bus.

Since the shoot-through zero state is required for ZSls, the total permissible
switching states are nine for a three-phase ZSl, which includes six active states, two
zero states, and one shoot-through zero state. While, conventional three-phase voltage
source inverters only have eight permissible switching states. Table 3.1 presents the
nine switching states of a ZS1 shown in Figure 3.8. Notice that the shoot-through zero

state can be generated by seven different ways: shoot-through via one phase leg,
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combinations of any two phase legs, and all three phase legs. For practical applications,

shoot-through via all three phase legs yields the least loss on the six switching devices.

State Zero Shoot-through zero state
_ Active state state (generated by seven different
Switch Ways)
S1 i1/1j0}(0}0|2]0|2|2|0|0|1|1]0]1
S2 ojof1}j12,1}0|1}0|12]0|0|212]|1]0]1
S3 o(1(12}12|0}0|O0O|2]0|20|1|0]1]1
S4 i1/0/]0(0}1]2|212|0]O0O|2|0|1|0]1]1
S5 ojofoj1,1}212|0}2|0j0j212j0]1]1]1
S6 i1/1}j1;0}0j0}|2|0|O0O|O0O|2|0|1]1]1

Table 3.1: Nine permissible switching states of ZSls (1=closed, 0=open.).

Ly

Figure 3.8: A three-phase ZSI.

Assuming that the inductors, L, and L,, have the same inductance, and the
capacitors, C; and C,, have the same capacitance, the Z-source network becomes
symmetrical. Figure 3.9 presents the equivalent circuits of the ZSlI in the three different
states, namely the active, the zero, the shoot-through zero states of Table 3.1. From the

symmetry and the equivalent circuits of Figure 3.9, one can obtain the following:

Ve =Ve2 Vii=Vi (3.1)



51

Vi1

UCl — Cl

|
il

m|n

Ve — G2 147, g L,

(a) Zero state

*«— O
- +
+

min

Vac * Load —

|
i

~1
=

Vea —Cy 4P ng

(b) Active state

7

+
D1 vz1§L1| i I”cl_*cl

nin

Vac Load

d

1
|

Vi
vCZ J— +
C | i | Viz3 Ly

(c) Shoot-through zero state

Figure 3.9: Equivalent circuits of the ZSI.
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In the zero state, shown in Figure 3.9 (a), the ZS1 works in the open circuit mode.
The output current of the inverter during the zero state will drop to zero in the steady
state. Therefore, the current through the two inductors, L, and L,, will drops to zero as
well, which means the inductors are discharging during the zero state. It also indicates
that the capacitors, C; and C,, will be charged during the zero state. The diode, D,, will
keep conducting until the current drops to zero, which means that the capacitors are
fully charged and achieve their peak voltage value at that time.

In the active state as shown in Figure 3.9 (b), the diode, D;, is conducting and
the two inductors, L, and L,, keep discharging. Since the current through the two
inductors keeps decreasing during their discharging, the two inductors become voltage
sources, v;; and v,,, to support the current through them. Therefore, one can obtain the
output voltage of the Z-impedance network, v;, which is also the voltage across the
inverter bridge as follows:

Vi=Vu& TV tviz (3.2)
From (3.2), it is obvious that the output voltage during the active state becomes higher
than the dc bus voltage. Due to the symmetry of the Z-impedance network, the voltage
across the passive components can be obtained as follows:

Vii=Vi2=Via Va=Vc2=Veca (3.3)
where, v;, and v, are voltages across the inductors and capacitors during the active
state of the ZSI, respectively. From Kirchhoff’s voltage law, the relationship between
the inductor voltage, v,,, and the capacitor voltage, v,,, can be written as follows:

Via=Vea — Ve (3.4)
By substituting (3.3) and (3.4) into (3.2), one can obtain the following:
Vi=Vg +2Via=2Vca—Vc (3.5)

In the shoot-through zero state as shown in Figure 3.9 I, the diode, D,, is not
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conducting and the two inductors, L, and L,, keep charging by the two capacitors, C;
and C, respectively. Figure 3.9 I also shows two current loops that indicate the direction
of the power transmission. If only one phase-leg is shorted, the current through this
phase-leg is two times the charging current, i., in the shoot-through zero state. However,
the voltage across the inverter bridge, v;, is zero, which can be expressed as follows:

vi=0 (3.6)
Due to the symmetry, one can obtain the follows:

Vii=Va Viz =V Vit=Vi2=Vjs Ver=Ve2=Vos (3.7)
where, v, and v, are voltages across the inductors and capacitors during the shoot-
through zero state of the ZSI, respectively.

Assuming the two capacitors, C; and C,, are large enough to sustain a constant
voltage during a switching cycle, the voltages, v,, and v, across the two capacitors in
different states can be rewritten as follows:

Vea=Ves =V (3.8)

The average voltage of the inductors, (v;) , over one switching period, T, should

be zero in the steady state. Thus, one can write the following:

<VI> :Ts'Vls¥Ta'Vla:0 (3.9)

where, T, and T,, are the time intervals for the shoot-through zero state and the active
state during one switching period, respectively. Notice that the zero state is not
considered during the steady state operation. Therefore, the switching period, T, can be
expressed as follows:

T=T,+T, (3.10)
By substituting (3.8) into (3.4) and (3.7), one can obtain the following:

Via=Vc —Vde Vis=V¢ (3.11)
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Then by substituting (3.11) into (3.9), the equation (3.9) can be rewritten as follows:

<VI> :Ts'Vdc+Ta'(Vc _Vdc):0 (3.12)
T
or
Ve __Ta (3.13)
Vdc Ta_Ts

Similarly, the average dc-link voltage across the inverter bridge, (v;) , can be obtained

as follows:

(vi) = Ts- (Vi) JTFTa (Via) (3.14)

where, (v;¢) is the average voltage across the inverter bridge during the shoot-through
zero state and (v;,) is the average voltage across inverter bridge during the active state.

From (3.5), (3.6) and (3.8), one can obtain the following:
<Vi5> =Vis = 0 <Via> =2Vea—Vic =2Vc —Vie (3.15)
By substituting (3.15) into (3.14), the average dc-link voltage across the inverter bridge,

(v;), can be rewritten as follows:

<Vi>:Ts'0+Ta'(2\/c _Vdc) :Ta'(Z\/c _Vdc)

3.16
T T (3.18)
By substituting (3.10) and (3.13) into (3.16), one obtains the following:
Ta(zv°_TaT_Tsvcj T
(vi) = : =Ve=—2Vq (3.17)
Ta +Ts Ta _Ts

Since T, — T; < T, it is obvious that the average voltage across the inverter bridge,
(v;) , is higher than the dc supply voltage, V,;.. From (3.15), the peak value of v; is v;,.
By substituting (3.13) into the v;, expression in (3.15), one can rewrite the peak value

of v; as follows:
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a a + S
T Viac =V = Ta*T Vae =BV (3.18)

a_ |Is a  |s

\’}i:Viazzvc Ve =2

where, B is defined as the boost factor which is resulting from the shoot-through zero

state. Since T = T + T,, the boost factor, B, can be simplified as follows:

T 1

Ta_Ts _1_2L
T

B= >1 (3.19)

Notice that if the shoot-through time, T, is zero, which means no shoot-through zero
state, from (3.17), the average voltage across the inverter bridge, (v;) , is equal to the
dc supply voltage, V,.. Moreover, from (3.13), the two capacitors will have the same
voltage as the dc supply. Once the shoot-through time, T, is set to zero, the boost factor,
B, is equal to 1, which can be obtained from (3.19). Therefore, in such a condition, the
inverter works as a conventional three-phase full-bridge inverter without the voltage
boost capability. It should also be noticed that according to [65] the shoot-though duty
ratio, T, /T, cannot exceed 0.5 or the system becomes unstable. Therefore, the shoot-
through duty ratio, T /T, ranges from 0 to 0.5 and the boost factor, B, is from 1 to
infinity.

The peak voltage across the inverter bridge, 7;, is the equivalent dc-link voltage
of the inverter. The output peak phase voltage, ¥, from the inverter can be expressed

as follows:

v.=M % (3.20)

where, M, is the modulation index. By substituting (3.18) into (3.20), one can obtain

the following:

Qa:M .B.\%:G.\ﬂ

3.21
> (3.21)
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where, G is defined as the voltage gain, which has arange that 0 < G < oo,

In practical applications, the two capacitors in the Z-impedance network are
limited by cost and space. Therefore, they cannot be too large and the voltage ripples
have to be considered. The actual capacitor voltage waveform and inductor current
waveform during the active state and the shoot-through state can be schematically

presented as shown in Figure 3.10 [66].

c A
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(a) Capacitor voltage
Active state Shoot — through state
'{ma.x ------------ 1—————————------—.— ——————————— I ----------
F D S
I‘.ﬂ’!l"ﬂ """"""""""""""""" ': """""""""""" :
T, : T,
: >
T t

(b) Inductor current

Figure 3.10: Steady state waveforms of Z-network passive components.
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In order to design the capacitors and inductors for the Z-impedance network, a
linear approximation to the voltage and current waveforms of Figure 3.10 can be

represented as shown in Figure 3.11.

Active state Shoot — through state

' »
T t
(a) Capacitor voltage
L A
Active state Shoot — through state
' >
T t

(b) Inductor current

Figure 3.11: A linear approach for capacitor voltage and inductor current.

Accordingly, the voltage equation of the inductors and the current equation of

the capacitors can be expressed as follows:
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dil . ch
_pdn —C
R ! at

(3.22)
where, L, is the inductance value, C, is the capacitance value, i; and i are inductor
current and capacitor current, respectively. With linear variations of the waveforms

shown in Figure 3.11, (3.22) can be rewritten as follows:

AL \_~AV,
(vi)= e (ic)=C e (3.23)

Considering the shoot-through state which has At = Ty, the inductance and capacitance

values can be obtained from (3.23) as follows:
L=((vis)Ts)/ A1)  C=({is)T)/(2AV) (3.24)
where, (v¢) is the average inductor voltage during the shoot-through state, and (i)

is the average capacitor current during the shoot-through state. From (3.7) and (3.13),

one can obtain the following:

Ta
Ta_Ts

<V|S> =V¢= V dc (3.25)

Since the average capacitor current over a complete switching cycle in the steady state

is zero, the average capacitor current can be presented as follows:

<ic>:Ts-<ics>¥Ta-<ica> 0 (326

where, (i.s) is the average capacitor current in the shoot-through state and {i.,) is the
average capacitor current in the active state. Assuming the average inductor current can

be held to a constant value, (i;) , one can obtain the following from Figure 3.9:

<ics>:<il> <ica>: Iout_<i|> (327)
where, I,,; 1S the output current to the inverter bridge during the active state. By

substituting (3.27) into (3.26) and rearranging, the average inductor current, (i;), can
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be obtained as follows:

<i|>:Llout:<iCS> (3.28)

a_ |s
Substituting (3.25) and (3.28) into (3.24), the inductance and capacitance can be

rewritten as follows:

L= Ve T/ @AI)  C=(m 10T/ @AV 329)
or
1-T/T 1-T/T
=(——————Va. T 2A C=(———"—1.uTJ/(RAV. 3.30
(1_2TS/Tvd T:)/(2A1) (1—2T5/T' T/ (2AV:)  (3.30)

Therefore, the inductance and capacitance for the impedance network can be calculated
according to these parameters including the desired voltage ripple and current ripple,
as well as shoot-through time, shoot-through duty ratio, dc supply voltage, and output
current.

3.3 Control Methods for Z-Source Inverters and Simulation Results

Since the ZSI has a special shoot-through state, the control methods for ZSls
are different from any other method for conventional inverters. In order to control ZSls,
there are three commonly used methods based on the various PWM techniques:

e Simple boost control [32]
e Maximum boost control [42]

e Maximum constant boost control [43]

» Simple Boost Control
In the simple boost control, there are two additional reference waves, which are

two straight lines. The upper line has a reference value which equals the amplitude of
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the sinusoidal wave as shown in Figure 3.12. Similarly, the lower line has a value which

equals the negative amplitude of the sinusoidal wave as shown in Figure 3.12. Once the

value of the carrier wave (triangular wave) becomes either larger than the upper line or

smaller than the lower line, the shoot-through operation will be implemented. However,

between the two straight lines, the operation follows the conventional PWM technique

as shown in Figure 3.12.

Shoot-though

l

Lower line

Figure 3.12: Simple boost control waveforms.

The modulation index, M, in the PWM technique is defined as follows:

I

I

I
Shoot-though

__ Amplitude of the reference wave

Amplitude of the carrier wave

C arrier Wave

Amplltude

Upper line
7/ memc Wave

From Figure 3.12, it is obviously that the longer the shoot-thought time, the lower the

modulation index. Therefore, in the simple boost control, the relationship between the

modulation index, M, and the shoot-through duty ratio, T, /T, can be written as follows:

M+—

Ts
T

=1

(3.31)
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From (3.19) and (3.21), one can obtain the following:

1

1-2Ts
=

G=MB=M (3.32)
By substituting (3.31) into (3.32), the voltage gain, G, can be written as a function of

modulation index, M, as follows:

G= M
2M -1

(3.33)

where, 0.5 < M < 1. From (3.32) and (3.33), the boost factor, B, can be obtained as

follows:

=S __ 1 6.1 (3.34)
M 2M -1

» Maximum Boost Control

The principle for the maximum boost control can best be explained through the
schematic of Figure 3.13. Once the value of the carrier wave (triangle wave) becomes
larger than the maximum value of all the three reference waves (sinusoidal waves) at
that time, the shoot-through operation is implemented. Similarly, when the value of the
carrier wave becomes smaller than the minimum value of all the three reference waves
at that time, the shoot-through operation is implemented.

Assuming that the frequency of the carrier wave is much higher than the
frequency of the reference wave, the shoot-through duty ratio in the interval (m/6 <

0 < m/2) can be expressed as follows [42]:

_| M -sing—M -sin(g — 2%
Ts(9):2 (M sin@—M -sin(@ 3)j

T 2

(3.35)
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I |

Carrier Wave

|
Shoot-through
Figure 3.13: Maximum boost control waveforms.

The average duty ratio of the shoot-through, (Ts)/T, can be calculated by integrating

(3.35) which yields the following [42]:

@ = [ 2(Msin0-M sin(0-2513) 1, — 27 —33M

6 (3.36)
T 2 27
From (3.36), the boost factor, B, can be obtained as follows:
Bo_ 1 __ 7 (3.37)
T s 3\/§M - 7T
1- 2?

where, v/31/9 < M < 1. From (3.32), the voltage gain, G, can be expressed by the

following:

M

G=MB=——————
3\/§I\/I—7r

(3.38)
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» Maximum Constant Boost Control

In order to reduce the volume and cost of the Z-source network in the ZSI, one
needs to eliminate the low-frequency current ripple by using a constant shoot-through
duty ratio [43]. Because the boost factor is determined by the shoot-through duty cycle,
as expressed in (3.19), the shoot-through duty cycle must be kept the same from
switching cycle to switching cycle in order to maintain a constant boost. The principle
for the maximum boost control is to get the maximum boost factor, B, while keeping it
constant at all times. As shown in Figure 3.14, the upper envelope curve, 1, and lower
envelope curve, 1, are periodical and have a frequency which is three times the output
frequency. Once the value of the carrier wave becomes either larger than the upper
envelope, V,, or smaller than the lower envelope, V;,, the shoot-through operation is
implemented. For other conditions, the control follows the conventional PWM

technique.

Shoot-through
I

Reference Waves

| =

4
V. = sin(6 — ?)

] N N >

2n
2n V, = sin(6 — ?)
v A V., = sinf

Shoot-through

Carrier Wave

Figure 3.14: Maximum constant boost control waveforms.
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For the period 0 < 6 < /3 in Figure 3.14, the upper envelope and the lower

envelope can be expressed as follows [43]:

V=M sin(@—%z)+\/§M (3.39)

V=M Siﬂ(@—%) (3.40)

For the period /3 < 6 < 2m/3 in Figure 3.14, the upper envelope and the lower
envelope can be expressed as follows [43]:

V p2 =M sin(6) (3.41)

V 1 =Msin(d) —/3M (3.42)
Of course, the distance between the upper envelope and the lower envelope is always a

constant value, which is v3M . Since the distance between the two envelopes
determines the shoot-through operation, the shoot-through duty ratio is constant as well,

which can be presented as follows [43]:

Ts_ m (3.43)
T 2
By substituting (3.43) into (3.19), the boost factor, B, can be obtained as follows:
B= ! = L (3.44)
1-21 VaMm -1

where, v/3/3 < M < 1. From (3.44), the voltage gain, G, can be expressed as follows:

G=MB=—M__ (3.45)

J3M -1
For a specific ZSI, the difference between the three control methods stems from

the different voltage stress value on the switching devices and the different voltage

gains with the same modulation index. Figure 3.15 shows the maximum obtainable
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voltage gain, G, versus the modulation index, M. It is obvious that the maximum boost
control has the highest voltage gain and the simple boost control has the lowest voltage

gain for the same modulation index.

10
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Maximum Boost Control
== == 1 \aximum Constant Boost Control

1
\
1
Vo
| D
v
\
\
\
A}

Voltage Gain (G)
(&2
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Figure 3.15: Voltage gain versus modulation index.

The voltage stress on the inverter bridge/phase-legs of a ZSI can be expressed

as the following:

V stress = BV ac (3.46)
For the three methods with the same output voltage value, the voltage stress
characteristic value on the inverter bridge are different as shown in Figure 3.16.
Obviously, the simple boost control has the highest voltage stress on the inverter bridge.
While, the maximum boost control has the lowest voltage stress. The maximum
constant boost control has slightly higher voltage stress than the maximum boost

control.
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Figure 3.16: Voltage stress on the inverter bridge versus voltage gain.

In order to observe and analyze the output voltages and currents of ZSls, a ZSI
model energizing a three-phase balanced resistive and inductive load was simulated in
ANSYS Simplorer as shown in Figure 3.17. The simulation parameters are as follows:
the Z-impedance network: L, = L, = 500uH, and C; = C, = 3000uF; the dc bus
voltage: 310 V; the R-L load: R = 1Q and L = 3mH. The carrier/switching frequency

was set to 5 kHz, while the power frequency was set to 60 Hz.

A SIS B
KR E LR

Figure 3.17: ZSI with three-phase balanced RL load.
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For the simple boost control, Figure 3.18 shows (a) the line-to-line voltage, (b)
the phase voltage, and (c) the phase current, with a modulation index, M=0.8,
respectively. It is obvious that the peak value of the line-to-line voltage which is about

570 V is higher than the dc bus voltage which is 310 V.
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(c) Phase current with M=0.8
Figure 3.18: Output waveforms of the ZSI with the simple boost control.
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For different modulation indices, the lower the modulation index the higher the
boost factor and the higher the voltage gain. Figure 3.19 shows the line-to-line voltage
of the simple boost control with different modulation indices of 0.9, 0.8, and 0.7,

respectively.
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(a) Line-to-line voltage with M=0.9
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(c) Line-to-line voltage with M=0.7

Figure 3.19: Line-to-line voltages of the simple boost control with different
modulation indices.
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For different control methods, Figure 3.20 shows the output line-to-line voltages
with the same modulation index of 0.8, for (a) simple boost control, (b) maximum boost
control, and (c) maximum constant boost control, respectively. It is obvious that the
maximum boost control has the highest peak value of line-to-line voltage which is about
996 V and the simple boost control has the lowest peak value of line-to-line voltage which

is about 570 V. This is in comparison to a dc bus voltage of 310 V.
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(c) Maximum constant boost control with M=0.8
Figure 3.20: Line-to-line voltages of different control methods.
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Chapter 4

Flux-Weakening Control of IPMSMs Driven by Z-source Inverters

In order to drive a motor at desired torque and/or speed, a suitable control loop
has to be developed and imbedded into a digital controller or microprocessor, which is
the core of a motor-drive. This chapter presents a new flux-weakening (FW) algorithm
by employing the voltage boost capability of Z-source inverters. Meanwhile, a new
control scheme is designed for IPMSMs driven by Z-source inverters with MTPA
control at low speeds and FW control at high speeds. Simulation results are given at the
end of this chapter to verify the presented control algorithm and control scheme.

4.1 Introduction

Interior permanent magnet synchronous motors (IPMSM) have gained an
increasing popularity in recent years for a wide variety of industrial drive applications
including hybrid and electric vehicles. In order to obtain high performance of IPMSMs,
various control strategies and algorithms for such IPMSMs have been developed over
the past 30 years. A widely used control strategy for IPMSMs is implementing the
MTPA control during constant torque (low speeds) region and the FW control during
constant power region (high speeds) [22-24, 28] as depicted schematically in Figure
4.1.

The most widely used the FW control method for IPMSMs is the voltage and
current limited maximum torque control. With a conventional motor-drive, the FW
operation of IPMSMs is still limited by the voltage constraint from the drive side.
Moreover, as presented earlier in (2.77), the maximum motor speed is directly impacted
by the maximum voltage of the drive. Therefore, with a ZSI which has an adequate

voltage boost capability, the speed range of IPMs can be further extended.



71

P Te o
p P

L s ;
1
1 1
I nstant Power region 1
| (FMg-weakening region),
2 Consjafit . > : < }I
tgefue region I "
1
: \
1 1

1 L

7

Speed
a)base (omax P

Figure 4.1: Typical characteristic curves of torque/power vs. speed of IPMSMs.

In this chapter, a new approach utilizing ZSls for the FW control is presented.
Due to the voltage boost capability of ZSls, a new FW control algorithm is developed
for such ZSl-based drives. For a full speed range operation, the control strategy
developed in this thesis implements the MTPA control at the low speed region up to
the base speed, and this strategy changes to boosted-voltage FW control when the speed
becomes higher than the base speed. Subsequent to the development of this control
strategy, a corresponding control scheme was also developed for simulations of its
performance throughout the full speed range of operation. In the end, to verify the new
FW control method, a motor-drive system based on a ZSI was developed and simulated
with this control strategy throughout full speed range.

4.2 Boosted-Voltage Constant-Power Flux-Weakening Control Algorithm

In practical applications, the FW operation can be achieved through various
approaches. In [12], a d-axis current component was used as a feedback to control a
FW regulator. One popular FW control approach using a speed feedback to generate a

demagnetizing current was presented in [24, 48]. Another popular approach employs
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an inverter voltage as a feedback for the FW control [22, 23, and 67]. In all the published
FW approaches, the speed range of an IPM motor is limited by the maximum inverter
voltage. The reason for this limitation stems from the fact that maximum speeds of IPM
motors are proportional to maximum inverter output voltages, as formulated earlier in
(2.77), which is repeated here for convenience as follows:

VL,
(Aom /Ly — Lmax)

(4.1)

(Dmax

where, V.., is the amplitude of the maximum inverter voltage and I, is the
amplitude of the maximum inverter current. No matter how the demagnetizing current
is generated, the employed control algorithm has to follow the voltage and current
limitation which was also introduced earlier in Chapter 2 as the voltage and current
limited maximum torque (VCLMT) control.

With the help of ZSls, motor-drives can provide boosted voltages which are
controlled by special methods. From (4.1), it is obvious that the speed range can be
further extended with such a boosted inverter output voltage. Since the output voltages
of ZSlIs can be boosted and are controllable, the voltage limitation is eliminated.
However, the current limitation has to be followed due to a motor’s thermal dissipation
and cooling method. In order to follow typical characteristics of IPMSMs as shown in
Figure 4.1, the output power of such motors is desired to remain constant during the
FW operation region. Therefore, considering all the new conditions, a boosted-voltage
constant-power FW control algorithm was developed, which will be referred to here in
this thesis for simplicity as the boosted-voltage FW (BVFW) control approach. The
details of this new FW control algorithm are given next.

The output power equation of such motors can be written as follows:

P=Tuw, (4.2)
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where, T, is the developed torque, and w,, is the motor’s mechanical speed. At speeds
greater than or equal to the base speed, w,,se, the output power remains constant at the
motor’s rated output power, P,. Meanwhile, at speeds lower than the base speed the
torque remains constant at maximum torque per ampere, while the output power is
defined by (4.2). Here, the developed torque, T,, can be expressed as in (2.29), and is

repeated for convenience as follows:

3p : ..
Te :Eg(ﬂpmlq +(L, — Lq)ldlq) (4.3)

where, /’Tpm is the amplitude of the flux linkage due to the flux associated with
permanent magnets, Lgyis the d-axis inductance, and L, is the g-axis inductance. From

(2.27), mechanical speeds of motors, w,,, can be expressed in terms of the electrical

angular frequency, w,, as follows:

o =, [ — (4.4)
where, p is the number of poles. By substituting (4.3) and (4.4) into (4.2), one can

obtain the following:

3 . ..
P, :E(ﬂpmlq +(L, - Lq)ldlq)a)e (4.5)

By enforcing the current limit, I,,,,, One can express the g-axis component of the

current, ig, as follows:

: f 12 :2
|c| = Imax — Id (46)
where, I.,, represents the amplitude of the maximum phase current which is the

current limitation for a given motor. Then, by substituting (4.6) into (4.5), one can

obtain the following:

Pb:g[ﬂpm«/fﬁm—ij+(Ld—Lq)id4/IA§]aX—ij}a)e (4.7
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Notice that the rated output power, P, is a motor parameter so as the maximum current,
I1q- Assuming that all the motor parameters are known in (4.7), only the d-axis current
component becomes the dependent variable function of speed. Therefore, the d-axis
current component can be obtained from the solution of a quartic equation in i, which

is further simplified from (4.7) as follows:

ai; +bi; +ci’ +di, +e=0 (4.8)

where, a:(Ld —Lq)2 b:ZZ,pm(Ld—Lq)

2 A2 2 A2

C:ﬂim_(l—d_l—q) Imax d:_ZEPm(Ld_LQ) Imax

e=4P*/9a’ — A

pm| max

From the quartic equation (4.8), four roots, iz;, ig2, ig3, and iz,, can be
obtained according to the general root formulas, x;, x,, x5, and x,, for quartic
equations in Appendix I, respectively. In order to verify the validity of each root, the
four general root formulas in Appendix | had been simulated and calculated many times
according to different IPM motors. It was found out that only the second general root,
X5, Which yields the d-axis current component, i;,, is the desired solution. Because
only the second root, x,, is a negative real value. Once the quartic equation (4.8) is
solved, the d-axis current component, i;, can be obtained. Then the g-axis current
component, i,, can be obtained by substituting such i, into (4.6). Meanwhile, the peak
value of phase voltages can be obtained through (2.49) which is repeated here for

convenience as follows:

\/(a)equq) (@ (Laig+Aom) ) (4.9)

For ZSls, the peak value of phase voltages, which was presented in (3.21), is
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also repeated here for convenience as follows:

Ve

~ Vdc
Va 2

2

=G (4.10)

From (4.9) and (4.10), the required voltage gain, G, can be obtained by the following:

’ 2
G=2 Va :2VS = 2 ‘\/(a)eL I )2+(C()e(|_did+/1pm)) (411)
Vd(: Vdc VdC

Then, the modulation index and shoot-through duty ratio are determined by the chosen
control method for ZSls.

In order to verify the validity of this BVFW method, simulation results of this
algorithm are presented in this section as well. The control algorithm used during the
low speed region is the MTPA control, and after the base speed, the FW control
algorithms are implemented. The machine parameters used are listed in Table 4.1.
Figure 4.2 depicts the output power of this motor over the entire operating speed range.
The comparison between the introduced VCLMT control in Chapter 2 and the new
BVFW control is also depicted in Figure 4.2. In the low speed region, the output power
is proportional to the motor speed due to the MTPA control. On the other hand, it is
obvious that the VCLMT control cannot sustain a constant output power as the BVFW
control takes place during the FW region. Therefore, one of the advantages of this

BVFW control is the constant output power during the FW operation.
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Apm 0.148 wh
L4 0.0054 H
L4 0.0105H
Resistance per phase 0.45 ohm
Rated Current 10 A
Amplitude of maximum phase 10V2 A
current, I,,4y
Rated Line-to-Line Voltage 240V
DC bus voltage 400 V
Amplitude of maximum phase 200 V
voltage, V.4
Rated Speed 3450 r/min
Rated Torque 7.25 N'm
Rated Power 3.5 hp (2610 watts)
Number of poles 6

Table 4.1: IPM motor parameters for simulation.
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Figure 4.2: Comparison of output power between VCLMT control and BVFW control.

Other simulation result as shown in Figure 4.3 presents the comparison between

the developed torque for under the VCLMT control and the BVFW control, respectively.
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In the low speed region, the torque remained at a constant value until the base speed.
Such base speed can be obtained from (2.51) which is repeated here for convenience as

follows:

(base = Vmax2 D) (412)
\/(Ld .idm+//{,pm) +(Lq'iqm)

In the FW region, the developed torque keeps decreasing as shown in Figure 4.3. From
this simulation result, one merit of the BVFW control is that this method can provide
high output torque in the high speed region without increasing motor’s current rating,
which also indicates that this algorithm can control an IPM motor for operating at a

higher speed range than the VCLMT control.
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Figure 4.3: Comparison of developed torque between the VCLMT control and the
BVFW control.
To verify the validity of the BVFW method, the d- and g-axis current
trajectories versus speed are presented in Figure 4.4. During the constant torque region,
the MTPA control is implemented, which yields constant d- and g-axis current

components. Meanwhile, after the BVFW control is implemented, the d-axis current
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component keeps increasing in the negative direction and the g-axis current keeps

decreasing in the positive direction.
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Figure 4.4: D, g-axis current components versus speed of the BVFW control.

The most significant feature of this BVFW control is the boosted voltage as
shown in Figure 4.5. With the MTPA control during the low speed region, both the d-
and g-axis voltage components are proportional to motor speed. While, with the BVFW
control at high speeds, a slight drop can be observed in the phase voltages and g-axis
voltage component at the beginning of the FW operation. Then, the phase voltage and
g-axis voltage component keep increasing as the speed is increased. While, the
amplitude of the d-axis voltage component does not increase with the motor speed

during the whole FW region.
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Figure 4.5: D, g-axis voltage components versus speed of the BVFW control.

4.3 Control Scheme Design for IPMSMs Driven by Z-source Inverters

In order to control the speed of an IPM motor, a logical control scheme has to
be developed to control the motor-drive for such motors. For a full speed range of
operation, the desired control scheme should be able to fully utilize the controlled motor
on both low speed region and high speed region of the operating range . Therefore, a
widely used control strategy for this control scheme utilizes implementing the MTPA
control in the constant torque region, and the FW control in the constant power region
as shown in Figure 4.1.

There are many control schemes published in the literatures that combines the
MTPA control and the FW control [22-24]. Figure 4.6 shows the specially designed
control scheme for IPMSMs driven by ZSIs, which is based on speed control schemes
presented in [22-24]. The proposed control scheme in FIGURE 4.6 consists of three
major controllers, namely, the speed regulator in Part A, the current regulator in Part B,

and the BVFW regulator in Part C.
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Assuming the controlled motor is in the stop or standby state, a commanded
speed /reference speed, wyy,, is first sent into the control loop and compared to the
feedback speed, w,,, which is the motor’s real speed obtained from an encoder. Then
the error difference between the reference speed and the real speed is sent into the speed
controller in Part A. According to this speed error, a reference value of the amplitude
of the phase currents, I3, is generated by the speed regulator. Notice that in this speed
control scheme, there is no reference torque. In order to obtain the maximum torque
during the full speed range, the reference phase current during the MTPA control and
the BVFW control is set to its maximum value, which means 7 = I,,,4,. Such I3 will
be send into the MTPA block which yields the reference d-axis current component, ig,,,,
for the MTPA control according to (2.46). It has to be emphasized that the BVFW
regulator has zero output before the speed reaches the base speed, w,,. Therefore, during
the constant torque region, the reference demagnetizing current, i;., for the BVFW
control is zero. Since the reference d-axis current, iz = iz, + iz, ONE can state that
iy = i, during the constant torque region. Then the reference g-axis current can be
obtained from (4.6). In the constant power region, where the speed is above the base
value, all the components in Part A are still active. However, the BVFW regulator in
Part C starts to yield an extra demagnetizing current, izr, which can be written as
follows:

ior =ioe —idm (4.13)
where, i;5 is the d-axis current component for BVFW control obtained from (4.8).

With the reference d- and g-axis current components, iy and iz, the two

reference voltage components, v, and vy, can be obtained from the current regulator

in Part B. Then using an inverse Park’s transformation, the reference d- and g-axis
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voltage components can be transformed to the three-phase voltages, which are v, v;,
and v; in Figure 4.6. Notice that the three reference voltages, v;, v;,, and v;, are

instantaneous values. Therefore, they can be written as follow:
* ~ * N 272. * A 472«-
va=vsin(wt)  vs=vsin(ot- ?) Ve = vsin(wt— ?) (4.14)

where, ¥ is the amplitude of the phase voltages. In the low speed constant torque region,
the shoot-through duty ratio of the ZSlI is zero, which means the ZSI works as a three-
phase full-bridge inverter, which is controlled by a sinusoidal PWM method. In the high
speed FW region, the shoot-through duty ratio can be obtained according to the motor
speed and the ZSI provided boosted voltage. Since the inverter used here is a ZSI, one

can obtain the following from (4.10):
M =2v/ (BV «) (4.15)

Then from (4.14) and (4.15), the reference phase-a voltage, v,, for the sinusoidal PWM

can be written as follows:

Va=Msin(at) = 2vsin(et) / (BV ) = 2Va / (BV «) (4.16)
For simplicity, the control method used for controlling the ZSI in this scheme
is the simple boost control. The voltage gain, G, can be obtained by substituting i, iz,
and the speed feedback, w, into (4.11). Then the boost fact, B, can be obtained from

(3.34), which is repeated here for convenience as follows:
B=2G-1 (4.17)
By substituting (4.11) and (4.17) into (4.16), the phase-a reference waveform for the

sinusoidal PWM technique can be written as follows

*

2Va

.2 i 2
4\/(a)e|—q|q) +(a)e(|—d|d+/19m)) _Vdc

Va=2Va/ (BVa) = (4.18)
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Similarly, the phase-b and phase-c reference waveforms can be obtained as follows:

Vb =2V / (BV 4c) = 2V, - (4.19)
\/(a)equq) + (!) (Ldid +/1pm)) _Vdc
o 2Ve
Ve = 2Vc / (BV dc) (420)

\/(a)eLl Y+ (@, (g +2m)) Ve

Notice that v, v}, and v; are sinusoidal time-domain functions.

In general, the speed regulator is a regular Pl controller. While, the current
regulator usually has to be designed with a feed forward compensation. The reason stems
from the fact that the d- and g- axis current components cannot be controlled
independently by v, and v, because of the cross-coupling effects [24] such as w.Lgiq
and weLqi, in v4 and v, expressions. The cross-coupling effects in IPM motors are
dominant because IPM motors have relatively large inductances. These effects will
impact the current response as well as torque response in the high speed FW region.
Figure 4.7 shows the decoupled current regulator with feed forward compensation [24]

presented here to solve such a problem.

. *

a /2 /) Va
» » PI > »
2 ¥\
_ - +
i - =
a Vg = we(Lgig + Apm)
4L
we
vd = _(UeLqiq
+
+ v v;

Figure 4.7: Current regulator with decoupled feedforward compensation.
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4.4 Simulation Results

In order to verify the presented BVFW control algorithm and corresponding
control scheme, a motor-drive system model with mechanical load was developed and
simulated in ANSYS Simplorer. The simulated motor was an IPM motor with
parameters listed earlier in Table 4.1. The drive side consisted a ZSI and a dc supply as
shown in Figure 4.8. Other simulation parameters are as follows: the Z-impedance
network consisting of two inductors L, = L, = 500uH, and two capacitors C; = C, =
3000uF; the dc bus voltage: 400 V; the carrier frequency: 10 kHz; the output LC filter:
L = 5uH, and C = 50uF; the cable resistance: R = 0.1 Q; the mechanical load: inertia

J = 0.02kgm? and friction torque Ty = 0.1 Nm. Notice that the resistance for each

inductor used in the Z-impedance network is 0.001 Q.

In Figure 4.9, a closed-loop speed control was developed in ANSY'S Simplorer.
The three major components of Figure 4.9, which are the speed regulator in Part A,
current regulator in Part B, and FW regulator in Part C, are controllers designed

according to an earlier figure, Figure 4.6.
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Figure 4.8: Simulation topology of an IPM motor driven by a ZSl.
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Part B

Figure 4.9: Control loops developed in ANSYS Simplorer.

To evaluate the performance of this simulation system in low speeds with the
MTPA control, a commanded mechanical speed, which is w;,, = 300 rad/s, was the
assumed input signal to the control loop as show in Figure 4.9. Meanwhile, Figure 4.10
presents the motor’s mechanical speed versus time, which shows that the motor’s speed
keeps increasing from zero until it reaches a steady state where w,,, = 289.8 rad/s.
The difference between the reference speed and the real speed is only 3.3%, which

shows a reliable controller performance at low speeds.
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Figure 4.10: Mechanical speed versus time when w,, = 300 rad/s .



86

Figure 4.11 depicts the phase-a current waveform during the entire speed range
up to 300 rad/s. As the speed increased, the frequency of this current waveform
became higher and higher. Meanwhile, Figure 4.12 presents the developed torque,
which shows a constant torque operation during this low speed region. Notice that after
the speed reaches its reference value, the current and torque start to decrease. Because

of the friction torque Tr = 0.1 Nm, both the current and the torque cannot be zero.
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Figure 4.11: Current waveform of phase-a when w,, = 300 rad/s .
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Figure 4.12: Developed torque when w;,, = 300 rad/s .
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Figure 4.13 shows the real d- and g- axis current components. Meanwhile,

Figure 4.14 depicts the reference current components for d-axis and g-axis. Although

there are ripples in the real d- and g- axis current components, the trajectories of the

two real current components are consistent with their reference values.
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Figure 4.13: Real d- and g- axis current components when w,,, = 300 rad/s .
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Figure 4.14: The reference phase current (Is ;;m;¢), reference d-axis current (iy ,er),
and reference g- axis current (i, ) When w;, = 300 rad/s .

To evaluate the performance of this simulation system in high speeds with the

BVFW control, a commanded mechanical speed, which is w;,, = 700 rad/s, was the
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assumed input signal to the control loop as show in Figure 4.9. Here, Figure 4.15
presents the motor’s electrical speed versus time. The dashed line represents the base
speed of this motor. It is obvious that the motor was operating above base speed.
Meanwhile, Figure 4.16 depicts the motor’s mechanical speed versus time, which
shows that the motor’s speed keeps increasing form zero until it reaches a steady state,
where w,, = 677.3 rad/s. The difference between the reference speed and the real
speed is only 3.2%, which shows a reliable controller performance at high speeds.
Notice that the original IPM motor described in Table 4.1 is not designed for high speed
applications. However, with the help of flux-weakening, such a motor can achieve

extended speed range.
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Figure 4.15: Electrical speed versus time when w,, = 700 rad/s.
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In Figure 4.17, the real d- and g- axis current components are presented.
Compared to the reference d- and g- axis current components shown in Figure 4.18, the
current trajectories in Figure 4.17 are consistent with their reference values. It is
obvious that the demagnetizing current, i, is increasing in the negative direction during

the FW region. Meanwhile the g-axis current, i, is decreasing.
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Figure 4.17: Real d- and g- axis current components when w,,, = 700 rad/s .
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Figure 4.18: The reference phase current (Is ;;m;¢), reference d-axis current (iy ref),
and reference g- axis current (i ,.r) hen wy, = 700 rad/s .

In Figure 4.19, the developed torque during the constant torque region and the

constant power region is presented. It is obvious that the developed torque keeps

decreasing during the constant power region. Meanwhile, Figure 4.20 shows that the

output power is constant during the FW region using the presented BVFW control.
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Figure 4.20: Output power when w,,, = 700 rad/s .

From the simulation results presented here, the implemented control system
shows reliable performances during the low speed constant torque region and during
the high speed constant power region. The error between the motor’s final speed and
the reference speed is small. Despite some torque ripples, the developed torque remains
at a constant value at low speed with the MTPA control. While, the output power is
roughly remaining at a constant value during FW region with the BVFW control. From
these simulation results, one can arrive at a conclusion that this BVFW control

algorithm is a valid flux-weakening control method.
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Chapter 5

Summary, Conclusions and Suggested Future Work

5.1 Summary and Conclusions

First, in Chapter 1 of this thesis, a variety of conventional flux-weakening
control methods for permanent magnet synchronous motors were reviewed. Then the
issue regarding the presence of a high value of back-EMF in the flux-weakening region
was discussed. Since the widely used three-phase full-bridge inverter is essentially a
buck converter, the idea that utilizes the voltage boost capability of Z-source inverters
to obtain better flux-weakening performance becomes very attractive.

Second, in Chapter 2 of this thesis, the mathematical model of permanent
magnet synchronous motors is presented. Control algorithms for permanent magnet
synchronous motors are presented in this chapter as well. For the operation at low
speeds, maximum-torque-per-ampere control was introduced. Meanwhile, for the
operation at high speeds, three commonly used flux-weakening algorithms were
analyzed, including two methods for SPM motors and one method for both SPM and
IPM motors.

Third, in Chapter 3 of this thesis, the Z-source inverter, including its operation
principle, passive components design of the Z-impedance network, and three
commonly used control methods were introduced. Details of the active state and shoot-
through state of Z-source inverters were analyzed in order to have a better
understanding of the charging and discharging between inductors and capacitors in the
Z-impedance network. Simulation results were presented to verify the voltage boost
capability of Z-source inverters in Chapter 3.

In Chapter 4 of this thesis, a special flux-weakening algorithm was developed
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for IPM motors driven by Z-source inverters, namely, the boosted-voltage flux-
weakening control. Meanwhile, a full speed range control scheme was developed which
combined the maximum-torque-per-ampere control at low speeds and the boosted-
voltage flux-weakening control at high speeds. Simulation results of a motor-drive
system model based on Z-source inverters were presented to verify the validity of the
presented flux-weakening control method.

In this thesis, a new approach for flux-weakening control, which is the boosted-
voltage flux-weakening control, was developed and simulated. The main contribution
of this thesis is in utilizing the voltage boost capability of Z-source inverters to
overcome the high value of back-EMF of IPM motors at high speeds. This flux-
weakening approach introduced here can further extend the speed range of IPM motors
than conventional flux-weakening methods. Moreover, this method can provide high
shaft torque at high speeds without increasing the phase currents, which indicates lower
motor losses for the same desired torque at high speeds. Meanwhile, a constant output
power can be sustained during the flux-weakening region. Simulation results were
presented to verify the validity of the new flux-weakening method introduced in this
thesis.

5.2 Recommendations for Future Work

Although several developments were presented in this thesis, there are many
interesting investigations left for the future work. Some possible subjects are listed as
follows:

» A prototype of the Z-source inverter can be designed and assembled for many
studies, such as the losses on the passive components and semiconductor
switches, inverter efficiency, harmonic distortions, voltage boost capabilities,

voltage stress on each the components, impacts of different control methods, etc.
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Notice that this Z-source inverter should be designed according to a proper IPM
motor for possible experiments.

With the prototype Z-source inverter and a proper IPM motor, experiments can
be conducted to investigate the new flux-weakening method introduced in this
thesis. Other significant investigations can be studied based on this motor-drive
system, such as new motor control method development, new PWM technique
development, efficiency study of the Z-source inverter and the motor at high
speeds, control failure at high speeds during flux-weakening operation, etc.
The motor model used in the simulations included in this thesis can be replaced
with a finite element motor model. Further investigations on motor’s
efficiencies at different operating points and by different control methods can
be conducted. These significant investigations can be used to design optimal

motors for full speed range operation and improve control methods for motors.
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Appendix |

General Formula for Solving Quartic Equations

A quartic equation can be written in a general form as follows:

ax*+bx®+cx?+dx+e=0

Assuming a # 0, the general formula for roots can be written as follows:

Xlz—b/4a—8+%\/—432—2p+q/5

Xz=—b/4a—5—%\/—482—2p+q/8

XB:—b/4a+S+%\/—4SZ—2p—q/S

X.=-b/4a+$s —%\/—432—2p—q/8
where,
p=(8ac-3b’)/8a’

q=(b*—4abc+8a’d)/8a°

Szg\/_2p+(Q+Ao/Q)
2 3 3a

In (8), the variable, Q, can be written as follows:

o i/(Aﬁ x/Af—4A8)

2

where,

Ao=c’—3bd +12ae

A= 2c¢3—9bcd + 27b% + 27ad® — 72ace
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