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Control of Boost Converter Module for Open-End Winding Permanent Magnet Motor
Based, Dual Inverter Drive

Ryan M. Brody, M.S.

University of Pittsburgh, 2020

This work explains how to control a boost converter module to vary the DC link voltage
of a dual inverter motor drive. Doing so is shown to extend the speed range of open-end winding
permanent magnet synchronous motors (OWPMSM) compared to using flux weakening control,
enabling the use of more efficient and power dense high-speed motors. Such a speed range can be
obtained by simply increasing the battery voltage, thus increasing the DC link voltage, and using
flux weakening control. However, depending on the rebalancing technique used, cell imbalances
in high-voltage batteries can decrease the efficiency and/or the battery lifetime, both of which are
sensitive metrics in electric vehicles (EVs). Splitting the required battery voltage between two
independent sources to drive the OWPMSM and using the boost converter modules to further
increase the DC link voltage as needed extends the speed range while keeping the individual
battery voltages low enough to prevent exacerbating cell-balancing issues. Furthermore, by adding
the boost converter modules, the motor drive can satisfy the maximum torque per ampere (MTPA)
condition at all speeds. Doing so decreases the maximum stator current above base speed compared
to flux weakening control while maintaining the same torque-speed curve, thus lowering
conduction losses. Simulation results from PLECS confirm the extended speed range and lower
conduction losses of the topology compared to a conventional permanent magnet synchronous

motor (PMSM) drive and a dual inverter drive without the boost converter modules.
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1.0 Introduction

An OWPMSM is a type of PMSM with no neutral point. Instead, opening the neutral
connection electrically isolates each winding from the others, and the windings therefore can
accept voltage from both ends [1]. As such, separate inverters can drive each end of the windings,
mimicking the behavior of an H-bridge inverter topology but using two separate half-bridge
inverters. Throughout this work, the phrase “dual inverter drive” [2] refers to using two inverters
to drive a OWPMSM, although other names for the topology exist, such as “cascaded inverter” [3]
and “doubled-ended inverter”’[1]. Figure 1 shows topologies for a conventional PMSM motor drive
for an EV [4] compared to a dual inverter drive for an OWPMSM [1] in Figure 2. Although the
designation is arbitrary, for the sake of consistency, this work refers to the “primary inverter” as
the top inverter related to variables with a subscript “1”, while “secondary inverter” refers to the

bottom related to variables with a subscript “2”.
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Figure 1 - Conventional EV Motor Drive
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Figure 2 - Dual Inverter Drive

The dual inverter drive has several advantages in EV applications. First and foremost, it
extends the speed range of the PMSM by increasing the DC link voltage without increasing the
voltage of an individual battery [2],[5]. PMSMs have become common in EVs due to their higher
efficiency and power density [6]. However, these types of motors have a fairly limited speed range
because of the inability to weaken the rotor flux. The back EMF, a voltage induced in the stator
windings due to a change in flux linkage as the rotor rotates, grows proportionally with speed. To
induce current in the stator windings, the motor drive must supply a voltage greater than the back
EMF to the stator. The field current cannot be lowered in these machines to reduce the back EMF
at high speeds like in wound rotor synchronous machine, so the maximum voltage available to the

stator primarily limits the speed range of the PMSM [7].



The dual inverter drive supplies voltage to both ends of the stator windings, so the
maximum stator voltage doubles without increasing the required battery voltage of an individual
battery. This facilitates the use of smaller, more efficient motors [2] without increasing battery
balancing complexity, which increases exponentially with battery voltage and can negatively
impact efficiency, battery calendrer life, and cost [8], [9]. Due to the impact on vehicle range and
lifetime vehicle cost for consumers, all of these are critical metrics to consider when designing
EVs [10], [11].

Other commonly listed advantages of the dual inverter drive are multilevel output voltages
that improve THD, fault tolerance, and the low cost/high maturity of the VVSI modules used [5].
More recently, it has been shown that the dual inverter drive can integrate both three phase AC
[12] and DC fast charging [13] capabilities in EVs while adding few components, a feat expected
to increase the pace at which consumers adopt EVs by decreasing charging time and the cost of
charging infrastructure. The main disadvantages of this topology are the increased probability of
a single point of failure [5] and the increase in control complexity.

To this point, literature has ignored the benefits of using a DC/DC converter in the dual
inverter drive because the inverters can adequately control the flow of energy and power in the
system during driving without additional power electronics [1], and it can control the battery
current ripple during charging [13]. Despite this fact, most EV applications still require a DC/DC
converter for important tasks related to maintaining battery health, such as voltage regulation and
battery current control during regenerative breaking [14]. Furthermore, boosting the DC link
voltage at high speeds has been shown to improve the inverter efficiency [15] and the efficiency

and speed range of the motor [6] in conventional EV motor drives.



Considering the benefits of the DC/DC converter presented in these studies, this paper
presents a dual inverter drive topology with DC/DC converter modules that boost the DC link
voltage at high speeds, and it proposes and control scheme for the topology. Results shows that
using the proposed topology and control improves the motor performance by increasing the speed
range compared to flux weakening operation while also lowering conduction losses. The proposed
a control scheme for the new topology is based off of combination of existing solutions for

conventional PMSM drives and dual inverter drives without boost converter modules.



2.0 PMSM Modeling and Drive Theory

This section provides background information on the mathematical modeling of PMSM
and the associated OWPMSM along with relevant information regarding their respective motor
drives. [7] provides a detailed derivation of the PMSM model used in this work. Assuming equal
stator winding resistance, R, (2-1) — (2-5) describe the equivalent circuit of the motor. v, and
lapes are vectors representing the phase voltages and currents, respectively, and v, is the neutral
voltage. L is the inductance matrix, where the diagonal terms are the self-inductance of each
phase, and the off-diagonal terms are the mutual inductance between phases.

Aaves 1S the flux linkage of each winding and has two contributions. The first, from the
stator, is produced by the current in the windings, and the second, from the rotor, is the flux linkage
due to the presence of permanent magnets in the rotor, A,;. A voltage is induced in the stator
windings during rotation as a result of the change in the stator winding flux linkage. In particular,
the voltage induced by the portion of flux linkage contributed by the rotor is called the back EMF,
but the current in the windings also generate flux according to the inductance of the windings,
shown in (2-4), due to the magnetic coupling of the windings.

From these equations come equations for average power and torque produced by the motor
drive in (2-6) and (2-7), respectively. (2-7) also relates the torque production to the motor speed
using Newton’s Second Law for Rotation, where w,, is the mechanical speed of the motor. Finally,

(2-8) relates the mechanical speed and electrical frequency, w,, by the number of poles, P.



[V, (1)
Vabes = |Vb(D) (2-1)
20
iq(t)
Labes = ip(t) (2-2)
()
LaaLabLac
Ly = [LpaLppLpc (2-3)
LcachLcc
cos(6,)
Aabcs = Lsiabcs + '1af COS(B,- - 1200) (2'4)
cos(6, +120°)
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Vabes — Un = Rglgpes + % (2-5)
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P (2-8)
Wy = E ;-

2.1 Space Vector Representation and Transformation into the dg-Frame

In power systems, any three phase signal can be transformed into a space vector with a
magnitude and phase [16]. However, the axes can be oriented in different ways using a
transformation matrix to describe the same vector in different frames of reference. This section
reviews two frames of reference used to model a PMSM or OWPMSM: the stationary abc-frame
and the rotating dgO-frame.

First, the ab-frame, where the a-axis is the angle reference, and the b- and c-axis are

displaced by +120°, respectively. The linear combination of the phase signals with their respective

axis’ unit vectors essentially gives the space vector representation of the signal, f as a complex
number, shown in (2-9). The coefficient is included so that that magnitude of the space vector

equals the magnitude of each phase under balanced conditions. Figure 3 demonstrates the process
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of constructing a space vector using the abc-axes. In a balanced three-phase system, the space

vector f will have a constant magnitude and rotate with a constant speed around the orgin.

fa(®)
fabe = fb(t)

fc(®
? = g[ejO" ej120° e—j120°] ’ fabc
f= g(fa(t)ef"" + fr(0e/2Y + f (e /120 (2-9)
b
»

2/3fi(t)e 2"

2/3£,(t)e 12" 2/36,(t)e"

Figure 3 - Example Space Vector in the abc Reference Frame



Next, the dg0-frame. Figure 4 shows how to obtain the dg0-axes from the abc-axes. In this
reference frame, the direct axis (d-axis) is the angle reference, obtained by applying a phase shift
of a(t) to the a-axis, and the quadrature axis (g-axis) is shifted by 90° relative to the d-axis. These
two axes can completely describe a balanced three-phase sinusoidal system as constant complex
number. The final axis, the zero axis (0-axis) represents the common mode of the signal. Under

balanced conditions, this component can be neglected.

Ll |

Figure 4 - Space Vector in Rotating Reference Frame

Using this transformation, the angle a(t) can be selected so that the axes rotate at the same
speed as the space vector in the abc-frame, making the space vector constant in the dqO-frame
under the balanced conditions. In the case of a motor drive, setting a(t) = 0,-(t), where 6,. is the

angle of the rotor with respect to the a-axis, synchronizes the dq0-axes with the rotor, making the



vector components behave more like DC values that can be regulated using linear PI controllers.
In this case, when a(t) = 6,-(t), the space vector is said to be “in the rotor reference frame”.

The Park’s and Clarke’s transformations, applied sequentially, directly transform a column
vector of the three-phase signal into a vector in the dqO-frame, explained in [7] and [16]. (2-10) —

(2-12) define the so-called dgO-transformation, T, where f7, is a column vector representing the

components of f in the dqO-frame. Again, any angle a(t) can be substituted in for 6,., and this

particular angle is chosen to simplify the control of the system.

i 2 27T 7
cos (0,) cos (0, — ?) cos (0, + ?)
T = ; sin(0,) sin(0, — 2?11) sin(0, + Tn) (2-10)
1 1 1
2
cos (Br) sin(6,) 1
2
cos (6, - —> sin(0, - =) 1 @11
cos (0, + ) sin(0, +—) 1
fd(t) 2-12
fﬁqo= f(t) _Tfabc (' )
f o(t)
o= [la® (2-13)
da = | f(®)
f - [eja(t) ej(a(t)+90°)] v (2-14)



In this work, a variable with a superscript “r”” denotes a column vector of space vector
components in the rotor reference frame. Additionally, for much of this work, the 0-axis

components will be ignored, as shown in (2-13), and this will be implied by omitting the “0” from

the subscript. In this case, the space vector f described in (2-14) is equivalent to (2-9) in the abc-
frame.

Now, applying the transformation matrix T to equations (2-1)-(2-7) yields the motor model
in the rotor reference frame, shown in (2-15)-(2-17). This model is more useful from a control
perspective because the stator voltage and current are DC values for a balanced system, so Pl
control can effectively regulate the current in the motor as it would any RL circuit. Notice that the
back EMF, E], is proportional to speed, so for a given i, the motor requires more voltage at high
speeds to overcome the higher back EMF. These equations correspond to equivalent circuits for

each axis, shown in Figure 5 — Figure 7 below.

r o

Vs
quOs = vzs =T* Vabcs
v,
las
i:;qu = lZS =Tx iabcs
.
Los |
[ 0
:;qO = wrlaf
L 0
, RS O 0 . Ld 0 O d . _erins .
Vaqos = | O R 0 [ iGa05+( | 0Lg 0 77 tdaos T | @, Laigs | |+ Eaqo (2-15)
0 0Ry 0 0Lo 0
P, = EvquS * i:lqOS’ (2-16)
3P . L dw
Te=55 (Aagiys + (La — Lq)igsigs) = ]d—:l +T,+Bw, (2-17)
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Figure 5 - PMSM and OWPMSM d-axis equivalent circuit

Figure 6 - PMSM and OWPMSM q-axis equivalent circuit
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Ro los Lo

Figure 7 - PMSM and OWPMSM 0-axis equivalent circuit

Based off of these circuit equations, [1] derives a slightly simplified dynamic model for
the OWPMSM assuming symmetrical terminal voltages with no DC offset and equal ground
potentials for the primary and secondary inverters. Under these constraints, the author shows that
the stator voltage of an OWPMSM in the rotor reference frame is equal to the difference of the
inverter output voltages in the rotor reference frame, vl; and vl,. In other words, using the
secondary windings of the OWPMSM has the effect of adding a secondary DC source in series
with, but with opposite polarity to, the primary source in the circuits from Figure 5 — Figure 7.
Therefore, the dynamic model of the stator windings and rotor are identical to those of a PMSM.
The only difference between the two motor models is the method in which the stator voltage is
applied to the windings. This implies, as expected, that an OWPMSM with the secondary terminals
shorted together generally behaves identically to a PMSM. (2-18) — (2-20) quantify this effect
when ignoring zero-sequence current. Now, (2-16) and (2-17) model the power, torque and speed

of OWPMSM based on the stator voltage as expressed in (2-18).

12



qus = vgqsl - Vquz (2'18)
Vi = Vi1 — Viga = Rsils +Ld— W, Lgigs (2-19)

Vhs = Vg — Vhey = Rsils + Lg—— + 0, (Lailys + Agf) (2-20)

d

The relationship between stator inductances can divide permanent magnet-based motors
broadly into two categories: salient pole and nonsalient pole motors. In nonsalient pole motors, the
stator inductance does not vary with time, so Ly = L,. Surface-mounted permanent-magnet (SPM)
motors, where magnets are attached to the surface of the rotor, are typically salient pole machines.
On the other hand, the stator inductance do vary over time in salient pole motors, so Ly # L.
Interior permanent-magnet (IPM) motors, where the magnets are embedded within the rotor, are
typically nonsalient pole motors. Two factors limit the speed range of SPM motors: the strength
of the adhesive used to attach the magnets to the motor and the speed range of motor drive. On the
other hand, IPM motors are typically only limited by the speed range of the drive. Therefore, IPM
motors typically can achieve higher speeds and are used more often in EVs [2]. While the types of
control described in the following sections can generally apply to both types of motors, the specific
equations used to implement the control are derived for IPM machines, so they may need to be

slightly altered based on asymptotic behavior when L = L.

2.2 Control of a Permanent Magnet-Based Motor

Equations (2-17),(2-19), and (2-20) are fundamental equations for permanent magnet

motor drive theory [7]. The last terms of (2-19) and (2-20) shows that the flux produced by i/ is

13



in phase with the rotor flux, A,¢. This flux induces a voltage in the windings that is in-phase with
the back EMF, E], and that grows linearly with speed like the back EMF. Because of this, the d-
axis current, iJ, is said to control the flux in the rotor. Similarly, the difference between L, and
L4 will be either small or zero for most machines, so according to (2-17), igs will have a significant
effect on torque production while iz has a minimal effect. For this reason, the g-axis current, iz,
is said to control the torque.

From the rotor reference frame mathematical model in (2-17),(2-19), and (2-20) come the
state space equations in (2-21) — (2-24), which completely describe the states of the system (i,
igs: 0y, and w;,.) for any input (vgg, vgs, T;) [7]. Again, for the dual inverter drive, the stator voltage

components vg; and vg are determined by (2-18).

di”; 1 .
—ds - [(—Rs + erq)lZS + V] (2-21)
dt L,
di’ 1
L = —[(—Rs — @ L)its — @ Agf + Vi] (2-22)
dt L,
dw, 21
=——(T,-T,)—B 2-23
do
dtr = w, (2-24)

Figure 8 shows a typical control block diagram for a PMSM motor drive, and Sections
2.2.1—2.2.3 explain the details of each of these control blocks. Section 2.2.1 explains the first and
last blocks of the control loop: speed and current regulation using PI control. Section 2.2.2 explores

the process for finding the optimal ratio of i and iz, for torque production for any combination
of L and L, called MTPA control. Controllers typically employ this type of control when the

drive can supply enough voltage to oppose the induced back EMF at the desired speed while

14



inducing enough current in the stator windings to produce the desired torque. Section 2.2.3
explores the use of i/;; to weaken the amount of the flux linkage in the stator windings, called flux
weakening control. Drives typically use this type of control at high speeds when it cannot supply
enough voltage to oppose the back EMF generated at high speeds.

The presented control laws often use a normalized, per unit system to simplify calculations.
Typically, PMSM systems are normalized according to the method described in [7]. Under these
conditions, the normalized torque, T,,, and normalized stator current magnitude, i,,, are equal,
and the base speed is 1 pu. By convention, the controllers in Figure 8 use MTPA control below
base speed and flux weakening control above, in which case the drive should supply maximum

voltage to the stator at and above base speed.

> >

> o > Wp?
*4mTPA
. i*d
» MTPA Control i* MTPA —" CURRENT PI .
Vg
i _» CONTROL
Om SPEED PI  |T*., =i*,
o, CONTROL
e e s ¥ CURRENT PI o
VT
»  Weakening |« . Jj—*, CONTROL
| eFW [T
Control 1 B

Figure 8 - Typical Control Block Diagram for PMSM Drives

2.2.1 Speed and Current Control

According to Newton’s Second Law for Rotation and shown in (2-23), torque production
controls the speed of the motor, and according to (2-17), the stator current controls the
electromagnetic torque production in the motor for a given input. Therefore, the controller must

15



regulate the stator current to regulate the electromagnetic torque, and hence the motor speed. As
explained in [17], PI controllers can accomplish this, despite the nonlinearities of the system, by
making the time constant of the speed control loop (i.e. the outer loop) sufficiently larger than the
time constant of the current control loop (i.e. the inner loop). This section explains the procedure
for accomplishing this from [17].

Define the current loop bandwidth, w,., to be 10-20 times less than the switching frequency
of the inverter, wy,,, and the speed loop bandwidth, w_, to be 5-10 times less than the w... Then,
(2-25) — (2-27) define the PI controller for the speed loop, where J is the moment of inertia of the
motor, A, is the permanent magnet flux linkage, and a superscript “*” denotes a reference value

for the controller, and a subscript “n” denotes a normalized value.

Jw
Kps =—=— (2-25)
af
Jws
K. = -
is 5/1af (2-26)
Ten = isn = Kps(w:nn — W) t Kisf (@mn — Omn) (2-27)

As suggest by the different branches of the control block diagram in Figure 8, different
methods exist for separating ig, into components i, and iz, and the following sections will
explain two popular algorithms (MTPA and flux weakening). Given these values, (2-28) — (2-34)
represent Pl controllers that regulate the stator current by changing the d- and g-axis stator
voltages, vgs and vg,. Including the feedforward terms, vgg - and v, ¢, decouples the two
current loops to improve the dynamic performance [17]. Note that the following equations apply
only to a nonsalient pole machines but can be adapted to work with salient pole machines by using

different values for K, according to the values of L, and L,.
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Kpcd = decc (2-28)

Kpcqg = Lgwcc (2-29)

Kic = Ryws (2-30)

Vs pf = —WrLgiys (2-31)

Vs pr = Or(Laigs + Agf) (2-32)

Vs = Kpea(las — i) + Kpif (igs — ig5) + vy gy (2-33)
Vas = Kpeq(lgs = is) + Kpif (igs — is) + V55 s (2-34)

2.2.2 MTPA Control — Below Base Speed

MTPA control aims to maximize torque production for a given magnitude of stator current
by distributing current along the d- and g-axes in such a way that maximizes (2-17). In other words,
MTPA control varies the angle of the stator current space vector with respect to the d-axis, &, to
maximize torque production [7]. To solve for the required &, substitute identities for igg and iz
from (2-35) into (2-17), and normalize to obtain (2-36). For a nonsalient pole machine, the

resulting expression is simple, and the angle § =§ obviously maximizes torque production.

However, MTPA control of salient pole permanent magnet motors requires more rigorous analysis.
Taking the derivative of T,,, in (2-36) with respect to &, setting the result equal to zero, and solving
for 6 to obtains an expression for the current angle that maximizes torque production, shown in

(2-37).

igs] _ ., [cos(8)
iZs] = bon [sin(S) (2-35)
1
> Top = ign [Aaﬁnsin (&) +3 (Lgn — Lgn)isnsin (za)] (2-36)
A yl 21
-8 =cos 1{— L EL ( afn ) + = (2-37)
4‘(Ldn - an)lsn 4'(l‘dn - an)lsn 2
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Because the speed control loop from the previous section determines the stator current
magnitude reference, i;,, achieving the § described by (2-37) is the only necessary condition for
achieving MTPA control. Hence, “the MTPA condition” hereto refers to the angle 6 described by
(2-37). The motor drive can satisfy this condition as long as the inverter is capable of supplying
the resultant voltage references generated the PI controller described by (2-33) and (2-34). This is

ideally possible for all speeds less than 1 pu, or base speed.
2.2.3 Flux Weakening Control — Above Base Speed

At high speeds, the motor drive cannot supply the required voltage to satisfy the MTPA
condition, so instead flux weakening control diverts extra current to the d-axis in order to weaken
the effect of the rotor flux while the drive supplies maximum voltage at all speeds. Doing so
decreases available torque. In order to simplify calculations, flux weakening control, as described
in [7], ignores the effects of rotor resistance. This is reasonable because flux weakening control is
typically only used at high speeds, when the speed-dependent terms dominate the expression for
voltage in (2-19) and (2-20). Then, the following equations describe the normalized steady state

voltage.

vgs = erqniSsn
v(;s = wr(lafn + Ldni:isn)
. 2 . 2
v.%n = w12"n [(Aafn + Ldnlrisn) + (anll;sn) ] (2'38)

Substituting the identity for ij,, from (2-39) into (2-38) leads to a quadratic equation for

igsn IN (2-40). Because the desired value of w,,, is known based on the operating condition, the
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speed Pl regulator determines the reference for i,, and the desired value for v, is known to be 1
based on the operating conditions of this type of control, the values of a, b, and ¢ will be known.
(2-40) solves for the desired i};.,, based on those conditions. Substituting this value back into (2-39)

yields a maximum value for i, in (2-41).

ihon = /i;nz — i 2 (2-39)

. . 2 . 2
Uszn = VI\%AX = wrzn {L%m(l.gn — igsn ) + (Aafn + Ldnlgsn) }
0 = a(iljsn)? + bils, + ¢
a=L%,—L%,

b = ZlafnLdn
1 2
c= Aéfn + L%Iniszn - <wmn>
(4
- E, Ld = Lq
i = 2-40
dsn —b ++/b* — 4ac (2-40)
, Ly # Ly
2a
- L 2 LE3 2
lan,MAX = l?s:n ~ Ligsn (2_41)

This combination of d- and g-axis current will give the maximum possible torque at that
speed, T, max, according to (2-42), obtained by normalizing (2-17). Thus, the reference torque,
T.,, will equal the torque commanded by the speed controller, T,., only if it is less than this
maximum value according to (2-43). Using this value, (2-44) gives an expression for commanded

g axis current iz, also based on (2-17).

Ten,MAX = ian,MAX(Aaf,n + (Ldn - an)i:isn) (2'42)
Ten = min(Ten,maxr T, (2'43)

T*
igsn = = (2-44)

)'af,n + (Ldn - an)irisn
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The maximum speed for flux weakening control occurs when all of the stator current flows
on the d-axis. Thus, there is no g-axis current, and therefore no torque production above that speed.
Using this intuition, [7] solves for the maximum normalized speed with flux weakening control,
shown in (2-45), by first normalizing (2-15) and then taking the magnitude of the stator voltage

while neglecting the 0-axis.

—_ R2
VI Ron (2-45)

OyAx,Fw =
Aafn - Ldn

2.3 Relevant PMSM Motor Drives from Literature

While identical mathematical models describe a PMSM and OWPMSM, different power
electronic topologies can drive each type motor, if desired. While a conventional topology in
Figure 1 can drive both motors (i.e. by shorting the secondary windings of the OWPMSM), the
dual inverter drive is only available to the OWPMSM. Fundamentally, both types of drives convert
DC power to AC, and in the context of battery-powered EVs, they must be bidirectional in order
to facilitate regenerative breaking. However, a conventional drive uses a single voltage source
inverter (VSI) to implement the DC/AC conversion and includes a bidirectional DC/DC.

Alternatively, Figure 2 shows the dual inverter drive associated with OWPMSMs.
Compared to a conventional motor drive, the dual inverter drive uses two VSIs to apply different
voltages of each set of three-phase terminals. These drives can use a single, shared voltage source,
two independent voltage sources, or a voltage source and floating capacitor to supply the DC link
voltages in this type of drive. This type of drive has attracted attention more recently for EVs
because of its ability to highly integrate three-phase AC and DC fast chargers into the drivetrain
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[12], [13]. [13] shows that this type of drive can adequately control the battery current during
charging, so literature often does not include the boost converter module found in conventional
EV motor drives to reduce the component count and complexity of the drive. However, doing so
ignores the other benefits of including the DC/DC converter module, explained in the following
paragraphs, that have already proven to be true for a PMSM and conventional motor drive [4].
Arguably, the most important function of the DC/DC converter is to enable regenerative
breaking while protecting the health of the battery [14]. However, [6] and [15] show how this
DC/DC stage can be utilized during driving to improve the performance of the drive. [6] shows
that boosting the DC link voltage can extend the speed range of a conventional drive while
maintaining the MTPA condition at all operating points. Moreover, by limiting the battery current
to mimic the constant power behavior, the controller must buck the stator current to boost the
voltage. As a result, the torque also decreases as speed increases in a way that matches torque
production when using flux weakening, but it requires less stator current to do so. Hence, [6] shows
experimentally that the conduction losses in the motor are lower at high speeds compared to flux
weakening control. Section 4.0 shows this to also be true in simulation for the proposed drive.
Despite the advantages proven in [6], the authors note that the DC/DC module adds non-
negligible conduction losses below base speed when implemented using Si IGBTSs. This can pose
problems in EVs because the efficiency of power electronic systems in EVs can significantly
impact the size and weight of onboard thermal management systems and, as a result, vehicle range
[4]. Luckily, [15] shows more recently that using SIC MOSFETS helps to alleviate this issue. It
also shows experimentally that boosting the DC link voltage at high speeds improves inverter
efficiency. However, the author did not have the resources to investigate this claim in the context

of the proposed drive at the time of publishing this thesis.
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To further study the benefits of the DC/DC module in the context of a dual inverter drive,
Section 3.0 proposes a topology and control scheme that can boost the DC link voltage at high
speeds based off of the presented research for the conventional and dual inverter drives. Because
all three drives (conventional, dual inverter, proposed) use the same common topologies to
implement the boost converter and VSI modules, Sections 2.3.1 and 2.3.2 reviews these topologies

and ways to control them.

2.3.1 Synchronous Boost Converter

Because of its popularity in EV drives due to simplicity and bidirectionality [4], this work
uses the synchronous boost converter to implement the DC/DC module, shown in Figure 9. [18]
explains the operation of this circuit. In summary, Switches S1 and S2 have inverse switching
signals — when S1 is closed, S2 is open, and vice versa. When S1 is closed, the amount of energy
stored in the inductor increases as the inductor charges (i.e. the inductor current increases). At the
same time, S2 is open, so the capacitor solely powers the output, decreasing the amount of energy
stored in the capacitor (i.e. the capacitor voltage decreases). On the other hand, when S1 is open
and, therefore, S2 is closed, power still flows from the input to the output, despite the negative
voltage across the inductor, because of the inductor current inertia. The excess current from the
inductor then charges the capacitor. Hence, this switching action transfers energy from the inductor
to the capacitor as the inductor discharges and the capacitor charges. Therefore, in this topology,
the inductor and capacitor represent energy storage elements along with filtering elements. As a

result, when the inductor current increases, the capacitor voltage decreases, and vice versa.
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Figure 9 - Synchronous Boost Converter

This type of boost converter is a nonminimum phase (NMP) system [19]. NMP systems
introduce a potentially destabilizing right-hand plane (RHP) zero that complicates the control
compared to minimum phase (MP) systems, such as a buck converter. Consequently, while PI
control can effectively regulate the output voltage of a buck converter, it is difficult to do so for
boost converter with a high inductance, heavy load, and/or a high voltage gain because these three
conditions move the RHP zero closer to the imaginary axis [20]. These operating conditions, which
are common in motor drives, require the use of nonlinear controllers.

This work uses hysteresis control, a type of nonlinear control, to regulate the output voltage
of the synchronous boost converter. As described in [19], hysteresis control defines switching
boundaries based off of the boost converter equilibrium points to regulate the output voltage. When
the state of the system crosses the switching boundary, S1 and S2 invert states. To understand this
first consider the switched model of the boost converter states, shown in (2-46) and (2-47). Here,
q represents the switching function, with a value of 1 when S1 is closed (S2 is open) and 0 when

S1isopen (S2 is closed), and g’ represents the inverse of the switching function. Based off of the
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switching function, two possible equilibrium points exist for this system: x,; for g = 1 and x,,
for g = 0. (2-49) gives the value for x,,. However, as shown in (2-48), x,, does not exist because

the inductor current grows without bound as a result of the voltage applied across the inductor.

_[*1]_[i _
x= [xz] = [vc (2-46)
LX; = v —q'
L.X:l = v;, — q'xz B X1 Vin quZ )
. ; St =L , out (2-47)
CxXy = q'x1 — lou Cx; =qx1 — X
(0e]
xo1 = [ o] (2-48)
i Pout
x02 = [ 2] = | i (2-49)
Vin

Now, consider the following heuristics for selecting a switching boundary [19]:
1. The equilibrium points must lie on opposite sides of the switching boundary.
2. The switching must prevent the system from reaching an equilibrium point.
3. The regulated state variable must change as a direct result of the switching action.
4. To avoid excessively fast switching (‘“chattering”), surround the switching
boundary with a dead band. If the operating point is within the dead band, the switch
state should not change, even if it has crossed the switching boundary. The switch
state should only change when the operating point crosses the switching boundary
and leaves the dead band.
5. The dead band must include the desired operating point.
According to these heuristics, hysteresis control cannot directly regulate the output voltage
of the synchronous boost converter. For example, the operating range is, by definition, x, =

Vout = Vin, SO according to (2-48) and (2-49), no switching boundary can satisfy both heuristic 1
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and 5. Alternatively, the equilibrium points for the inductor current comprise the entire operating
range of the converter. The inductor current of the first equilibrium point represents the theoretical
maximum, and that of the second represents the current required to produce the minimum output
voltage, v, = Vi, for a given output power. Given a constant input voltage and a commanded
output current, as expected in an EV motor drive, increasing the output voltage beyond the
minimum value requires increasing the inductor current according to the conservation of power
principle. As a result, the second equilibrium point represents the minimum value for the inductor
current. Because of this, hysteresis control of the inductor current can regulate the output voltage
if given information regarding the amount of inductor current required to produce a desired output

voltage.

2.3.2 Two-level, Three-phase Voltage Source Inverter (VSI)

Also due to its popularity in EV drives [4], the two-level, three-phase voltage source
inverter, hereto referred to as a VS, constitutes the DC/AC stage of the drives in this work. Figure
10 shows a schematic of the VSI. S1 and S1° switch inversely, using sinusoidal pulse width
modulation (SPWM) or space vector modulation (SVM) for example, to apply a voltage pulses to
the filter network in such a way that induces sinusoidal current in phase a. Similarly, S2 and S2’
switch to induce current in phase b and, S3 and S3’ do so for phase c. In the context of motor

drives, the stator winding inductance and resistance can serve as the filtering network.
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Figure 10 - Schematic of Two-Level, Three-phase Voltage Source Inverter
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The pulses will either have values between Ty and — % Based on the Fourier analysis

of the modulation signal, the maximum magnitude of the fundamental voltage component without
overmodulating (i.e. adding undesirable harmonics) is % using SPWM and 1.15% using SVM.

See [16] for further explanation of the operation of the VSI. To increase the output voltage
magnitude beyond this point without overmodulating, the DC/DC converter must boost the DC
link voltage.

As per Figure 2, the speed controller sends a voltage reference in the dg-frame to the VSI.
When using SPWM, the VSI controller simply transforms the reference voltage to the abc-frame
using (2-10) — (2-12). The signals in the abc-frame are then used as the modulation signal for each
phase. A triangle wave is typically used as the carrier signal. When the modulation signal is greater
than the carrier signal, the switching network applies a positive voltage to that phase. On the other
hand, when the modulation signal is greater, a negative voltage is applied to that phase.

An alternative modulation scheme, SVM, minimizes the number of switching actions

required and lowers the total harmonic distortion (THD) of the output in doing so [19]. Figure 11
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shows the voltage space vector states for a single inverter (V, through V). In this case, the dg-axes
are stationary and are included only as an angle reference. Converting the subscript to a binary
value translates to the gate signals for S;, S, and S5 used to obtain that space vector output pointing
to that state (e.g. V, corresponds to S; = 0, S, = 1, and S; = 0 because 2;, = 010,). Note that
because of this, V, and V., are so-called “zero-states”, where the output voltage space vector is the

zero vector. These voltage states form the vertices of a hexagon, the zero-states being the center
of said hexagon. Each voltage state is a distance % from the nearest adjacent states, and a VSI
can generate any voltage space vector that points from the origin to some point within a circle of

radius 1.15%when using SVM.

Figure 11 - VSI Space Vector States

27



By extension, Figure 12 and Figure 13 shows the voltage space vector combinations of a
dual inverter drive with different DC link voltages, obtained by superimposing the space vector
hexagon of the secondary inverter over each space vector state of the primary inverter [1]. Figure
12 does so for a dual inverter drive with equal DC link voltages and Figure 13 for unequal DC link
voltages (assuming Vpe1 = Vpep). The former has a greater output voltage range for a given
primary DC link voltage, but the later produces less THD. By inspection, the voltage space vector
states are equal to those of a multilevel inverter and therefore produce similar output voltages [1].
While this work uses SPWM to generate a modulation signal, these space vector states are used to

decompose the stator voltage reference into refences for each inverter, explained in Section 3.1.3.

28



Figure 12 - Dual Inverter Drive Space Vector States: Vpeq = Vpez
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Figure 13 - Dual Inverter Drive Space Vector States:Vpcy = 2Vpc2
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3.0 Proposed OWPMSM Motor Drive with Boost Converter Modules

This section explains the speed control for a dual inverter drive with a boost converter
module that can increase the DC link voltage at high speeds to extend the operating range. This
facilitates the use of lighter, more power dense motors [4], a notable advantage for EV applications
due to the sensitivity of vehicle range to onboard weight [10]. Furthermore, the proposed control
scheme reduces conduction losses in the motor compared to flux weakening control.

Using the model for the motor and the power electronic modules described in the previous
section, Figure 14 represents a block diagram of the proposed topology and controller. Rationale
for steps 1, 2, and 4 are based on established control for a conventional drive, while that of step 3
relates to the dual inverter drive. The following subsections explain the control laws and compare
theoretical motor performance for this topology to that of the dual inverter drive without the boost

converter modules.

IBlL Svnch IDQL Two-level vsal Isa_.,
N Synchronous T wo-level, [y7 i
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4) Battery 3) Stator qus* d 1) Speed
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Figure 14 - Block Diagram of Dual Inverter Drive with Boost Converter Module
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3.1 Theory of Operation

The control algorithm depicted in Figure 14 can be separated into 4 key tasks: 1) determine
the commanded torque and current based off of the rotor speed error using PI control, 2) determine
the required stator voltage to reach the commanded torque and speed, as would be done with a
PMSM, 3) separate the commanded stator voltage into two components, one for each power
source, based upon the DC link voltages of each inverter, and 4) control the battery current to

regulate the DC link voltage using hysteresis control.

3.1.1 Task 1: Speed PI Control

Because the OWPMSM and PMSM models for the stator windings are identical, the
method for accomplishing the first task is identical to those used for a PMSM in Section 2.2.1.

Thus, (2-25)-(2-27) describe the PI controller used in this topology to regulate the speed.

3.1.2 Task 2: MTPA and Current Pl Control

Similarly, this topology adopts methods from the previous section for MTPA control and
stator current regulation. However unlike in the previous section, MTPA control is possible at all
available speeds and flux weakening control is unnecessary because the boost converter supplies
additional voltage as needed to satisfy the MTPA condition. Now, the maximum allowable DC
link voltage limits the speed range, instead of the angle of the stator current when using flux

weakening control. Section 3.2 explains this comparison in more detail.
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To summarize this task, equations (2-35) and (2-37) determine the necessary iz and iz, to

satisfy the MTPA condition. Based off of these reference values, (2-28)-(2-34) describe the Pl

controllers used to generate stator voltage references, v, and vys.

3.1.3 Task 3: Stator Voltage Decomposition

The goal of this task is to break the commanded stator voltage from Task 2, vg, into

references for both inverters in the dual inverter drive, vg,s; and vg,,, based on the constraint of

(2-18). The simplest method for doing so is to choose vg4s1 = —Vggs2 = % but instead, this
work adapts the method described for multilevel inverters in [21] to reduce switching losses and
current total harmonic distortion (THD) when using SVM. This method relies on knowledge of
the space vector states for the dual inverter drive described in Figure 11 — Figure 13 of Section
2.3.2.

To minimize switching losses, [21] forces v, to point exactly towards one of its voltage
states at all times using (3-1) — (3-4). 8 is the angle of the commanded stator voltage with respect
to the direct axis, ¢ is the desired angle for the v, and Vp¢, is the desired DC link voltage for
the primary inverter. s is the sector of the commanded voltage, illustrated in Figure 15. Each sector
contains exactly one non-zero voltage space vector state of the primary VSI, and the sector number
corresponds to the subscript of the voltage state for the primary inverter (i.e. for s = 2, vz, points

to V).
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* % *
Vags = Vdags1 — Vdgs2 (3'1)

6 = tan-! (”—d> (3-2)

Vs
s = (le 20300 Jmod 6) +1 (3-3)
¢ =60° (s —1) (3-4)

Figure 15 - Sectors for Space Vector Decomposition
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In [21], the projection of the commanded stator voltage onto the a, b and ¢ axis determines
in which sector the reference voltage lies. However, in this work, calculating 6 using (3-2) can
directly determine the sector based on (3-3). This approach is simpler to implement for simulation
purposes, but more computationally expensive. The primary inverter will then use, as a reference
voltage, the space vector pointing from the origin directly to that space vector state in that sector
to reduce the required number of switching actions.

If given the constant DC link voltage, like in [21], (3-6) and (3-7) can compute the
components of vg.¢;. Then, manipulating (3-1) yields a reference voltage for the secondary
inverter. However, with the addition of a boost converter module to the dual inverter drive, the
controller must first calculate a reference value for the DC link voltages before performing these

steps.

Figure 16 - Example Space Vector Decomposition for Proposed Controller
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Figure 16 shows a diagram of the resultant space vectors for an example vg,,. The space
vectors references form a triangle. Note that because v,,; points directly towards a space vector
state, ¢ does not depend on the DC link voltages. Therefore, without any knowledge of the DC

link voltages, the controller only knows the length of one side (

v54s]) @nd one angle (¢ — 6, or
the angle between vg,; and vg,¢4). This is an insufficient amount of information to determine the

other sides and angles, so the controller must enforce a separate constraint to calculate the DC link
voltages. To do so, the author chose to enforce equal DC link voltages at all times in order to draw
approximately equal amounts of power from the batteries, although other sources show advantages

of using unequal DC link voltages [3] or orthogonal references for vg,; and vg,s, [1], [2]. Given

the selected constraint, the voltage references now form an isosceles triangle, so (3-5) calculates
the desired DC link voltage for a given stator voltage reference using trigonometric properties.
Practical limitations of the system constrain DC link voltage. Because of the operating
range of the boost converter, the DC link voltage cannot be less than the battery voltage. Also, to
limit the voltage stress on the switches, the controller restricts the DC link voltage to some
maximum value, Vy4x. Now, (3-1) — (3-7) completely describe the stator voltage decomposition

process.

V*dqsll = V*dqszl
- Vp¢ = min | max | v * sin( — 6) Ver |,V (3-5)
DC dqs sin(180 _ 2(¢ _ 0)) » VBT |» ¥V MAX
V*
Vas = - cos () (3-6)
Vi .
Vst = %sm (D) (3-7)
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3.1.4 Task 4: Battery Current Calculator

According to Section 2.3.1, hysteresis control of the boost converter inductor current can
control the output voltage of a boost converter well. Therefore, the battery current, Iy, can regulate
the boost converter output voltage because the battery is in series with the boost inductor. Similar
to the method used in [6] to calculate the maximum battery and DC link currents for a PMSM
drive, lossless power balance equations approximate the required battery current, representing the
hysteresis boundary. However, where [6] uses the torque and speed to calculate the power
consumed by the motor, the control algorithm for this topology must use the stator voltage and
current commanded for each inverter by Task 3 because the inverters may supply unequal amounts
of power depending on the implementation of Task 3. Equations (3-8) quantifies these
relationships in an average sense (denoted by the bar over variables), where the subscript i can
have a value of 1 or 2 referring to the primary or secondary drive, respectively. Definitions for the
remaining reference values then follow from (3-8), shown in (3-9) and (3-10). The controller uses

average values to reduce noise.

3 -
P;=Vpri Ipri =Vpci - Ipci = E(vz‘“ ) 1251 + vgst : lgst) (3'8)
3V, U, + Vg " Uiy
I;)Ci — E( dst_“dsi : qst qSl) (3_9)
. _VDCl .
35, Uy, + V5 L
IETi — _( dst dst qsi qSl) (3_10)
2 Veri
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In order to eliminate the steady state error in the DC link voltage, the author used a Pl
controller to adapt the battery current reference, I5;, based on the DC link current error [22]. The
PI controller was manually tuned in simulation based on the transient response of the system. To

protect the battery, the reference current in (3-10) should be limited to some maximum value

I BT max*

3.2 Comparison to Relevant PMSM Drives

Limiting the DC link voltage, Vj,4x, limits the speed range of the proposed drive. Various
metrics, such as maximum device voltage stress, dictate the appropriate value for V.5 for a
particular system. To compare the speed range to that of flux weakening control, the author
proposes the use of the metric in (3-11) to estimate the maximum per unit speed of the dual inverter
drive with a boost converter module based on V,, 4. Consider that the stator voltage, and therefore
the DC link voltages, increases approximately proportional to the rotor speed according to (2-38),
and that rotor and mechanical speed are related by (2-8). (3-11) therefore approximates the
relationship between per unit voltage and per unit mechanical speed as a straight line. To account
for the effects of rotor resistance at low speeds, the author sets the y-intercept equal to the stator
voltage for a speed of 0 pu and maximum torque (i.e. i, = 1). With no rotation, the only non-zero
term in (2-19) and (2-20) are the voltage drop across the resistance. Therefore, by Ohm’s Law, the

minimum normalized stator voltage, V,,,y, is equal to the normalized stator resistance, R,,.
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Below base speed, the drive achieves the MTPA condition without requiring a boost

converter or flux weakening. Thus, all presented drives operate identically below base speed,

except those drives with a DC/DC converter will incur extra losses in this region due to the

presence of additional power electronics. Figure 17 shows an example phasor diagram in the rotor

reference frame for this type of control based on the steady state of the circuits from Figure 5 and

Figure 6 (i.e. ignoring the derivative term in (2-15)). Here, jXI represents the combined voltage

drop across both L, and L.

Er

Figure 17 - Phasor Diagram Below Base Speed (MTPA)

Above base speed, the back EMF is too large for MTPA control without boosting the DC

link voltage. Under flux weakening control, some stator current must generate flux that opposes
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the increasing back EMF of the motor instead of generating torque, shown in Figure 18. Thus, the
drive supplies as much current above base speed as it does at base speed to provide constant power,
but the torque production decreases because the controller diverts some of this current towards the
direct axis (i.e. the angle of the stator current no longer satisfies the MTPA condition in (2-37)).
Figure 19 approximates the capability curve of an OWPMSM motor when controlling it this way,
if neglecting stator resistance. Recall that the maximum speed occurs when the angle of the stator
current, &, is equal to 7, meaning all current flows in the negative direction on the direct axis to
maximally decreases the motor flux. The discontinuity in § occurs as a result of ignoring

resistance.

| V= V1]

E¢

Figure 18 - Phasor Diagram Above Base Speed (Flux Weakening)
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Figure 19 — Capability Curve for PMSM Drives with Flux Weakening

Instead, with a boost converter, the DC link voltage increases above base speed to allow
the stator current to stay on the MTPA trajectory, shown in Figure 20. The proposed control can
limit the battery current, Iz, as needed to a maximum value, Igrq, Dased on battery parameters.
In these situations, according to the power balance equations (3-8) — (3-10), the maximum stator
current decreases in order to boost the DC link voltage .to provide constant maximum power above
base speed. As a result, the value of the MTPA condition slightly changes as the stator current
decreases according to (2-37). Furthermore, the maximum available torque is inversely
proportional to speed due to the decrease in stator current. Thus, the torque production mimics that
of flux weakening control, but the proposed drive uses less current to do so. This is expected to

lower conduction losses in an OWPMSM as it has in a PMSM [6].
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Figure 21 estimates this behavior graphically when neglecting stator resistance. The author
selected the maximum DC link voltage V4« to limit the speed to the same range as in Figure 19
for comparison. For an wpy max = 2.25 pu in Figure 19, Vy4x = 2.26 based on (3-11). If the
motor drive can supply a voltage higher than this Vy, 4, it will improve the speed range of the drive
compared to using flux weakening control. The following section will present a simulated example

where the Vy4x = 6 pu.
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Figure 20 - Phasor Diagram Above Base Speed (Boost Converter Module)
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4.0 PLECS Simulation Results

Table 1 - Necessary Simulation Parameters

Parameter Variable Value
Battery Voltage Vori, Vera 200V
Maximum Battery Current Iprmax 125 A
Hysteresis Dead Band Ai; 2.5%
Maximum DC Link Voltage Viax 1200 V
Poles P 2 poles
Stator Resistance R, 14 mQ
d-axis Stator Inductance Ly 0.54 mH
g-axis Stator Inductance Lq 0.60 mH
Rotor Flux Linkage Aar 0.162 Wh-t
Friction Coefficient B 0.01 Nm/rad/s
Rotor Moment of Inertia ] 0.0012 kg.m?
Proportional Gain — Speed Kys 86.42
Integral Gain — Speed K;s 2.016e5
Proportional Gain — d-axis Current Kyca 63
Proportional Gain — g-axis Current Kpyeq 98
Integral Gain — Current K;. 1.633e3
Proportional Gain — Hysteresis Kpn 0.1
Integral Gain — Hysteresis Kip, 1
Table 2 - Base Values for Machine Variables
Parameter Variable Value
Base Voltage Vs 200V
Base Power P, 50 kW
Base Current I, 166.67 A
Base Speed Wp 1,234.6 rad/s
Base Torque T, 40.5 Nm
Base Impedance Zy 1.2Q
Base Inductance Ly 0.972 mH
Base Flux Linkage Ap 0.162 Wb
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A 50 kW OWPMSM, dual inverter drive with boost converter module and controller as
described in this paper are simulated in PLECS using ideal switches. Compared to using the same
battery to power both the primary and secondary inverter, using isolated DC sources significantly
reduces the amount of common mode current (i.e. 0-axis current) in the motor [5], so the effects
of the 0-axis depicted in Figure 7 are ignored. Although high speed machines will often have 6 or
more poles [2], the author chose to simulate a 2-pole machine to clearly demonstrate relationship
between voltage and speed.

The parameters used are shown in Table 1 and were selected based on real machine
parameters given in [2],[4] and [23]. Based on the parameters in Table 1, Table 2 gives the base
values for necessary machine variables. The hysteresis dead band, Ai;, was selected to limit the
steady state switching frequency. Table 1 also includes all PI gains. Section 2.2.1 gives equations
for current and speed PI gains based on the parameters in Table 1. However, the author manually

tuned the PI controller for the hysteresis band, first determining K, according to the settling time

and then determining K;;, according to the steady state error.

With the boost converter module, the dual inverter drive achieves the stated objective of
extending the speed range while maintaining the MTPA condition for all speeds. Figure 22
compares predicted and simulated values for torque-speed. Figure 23 shows the transient response
of the motor to a step change in the speed, demonstrating the drive follows the torque-speed curve
even during abrupt changes in operating points, as is common in EVs [4]. For the parameters given
in Table 1, the maximum speed without the boost converter modules was about 2.25 pu according
to (2-45). Thus, given devices that can withstand the voltage stress imposed by the presented
control strategy for the given value of V,,,x, the boost converter modules can significantly extend

the speed range.
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Figure 23 - Step Response for Speed and Resultant Torque Production

Similarly, Figure 24 shows the power production vs speed for the proposed topology. As
suggested by Figure 21, the power increases linearly with speed below base speed because torque
is constant, but above base speed, power production is constant because torque production is
inversely proportional to speed according to Figure 21. Power production deviates slightly from
the predicted behavior initially after the step change, increasing linearly but with some constant
error. However, this error gradually eliminated as the DC link voltage begins to increase and the

drive starts producing a constant power output.
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Figure 24 - Power Production vs. Speed for Dual Inverter Drive with Boost Converter Modules

Figure 25 and Figure 26 demonstrate that the other state variables, the d- and g-axis
currents, behave as expected. Figure 25 shows the simulated stator current magnitude and
compares the angle of the current, §, to the MTPA condition in (2-37) for all speeds. Below base

speed, the drive behaves as expected. However, when the difference between L, and L, is more
significant (e.g. Ly = 2L,), the stator current is slightly lower than expected below base speed,

despite torque production agreeing with predictions. Above base speed; fluctuations in the current
angle become increasingly significant as speed increases, but the average value of the measured
stator current angle follows the MTPA condition. Then, to verify the sinusoidal current production,

Figure 26 shows example steady state phase currents for the OWPMSM.
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Figure 26 - Steady State Phase Currents vs. Time

To illustrate the operation of the boost converter module, Figure 27 shows the stator voltage
and to the DC link voltages during the same step change in speed from Figure 23. The step change
in speed reference initially causes significant fluctuations in the DC link voltage reference (most
notably between speeds of 1 pu and 2 pu in Figure 28). However, by about 0.15 s after the step
change, the PI controller has adapted the current references accordingly, and the DC link voltages
then increase proportional to the speed, as expected. Regardless of these unexpected effects, the
actual voltage applied to the stator increases relatively smoothly as speed increases. At steady
state, the stator voltage deviates from the predicted value by about 3.1% while the DC link voltages

deviate from predictions by about 1.8%.
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Figure 28 shows this same voltage data from Figure 27 as a function of instantaneous speed
instead of time. In this plot, the predicted voltage is calculated using the same linear approximation
used to predict the maximum speed in (3-11). While transient events discussed previously causes
a disparity between predictions and the actual stator voltage at low speeds, the two converge to a
reasonable at higher speeds after transient behavior has settled (again, about 3.1% error).
Therefore, the author accept (3-11) as a reasonable estimate of the maximum speed range when
boosting the DC link voltage, although the actual maximum speed may be slightly lower than the

value given by the proposed metric.
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Figure 27 - Resultant Voltages During Step Change in Speed
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Figure 29 further verifies the operation of the boost converter module by showing the
battery current during the same step change. This current is limited to the value Igry,q, in Table 1
in order to mimic both the constant power production of flux weakening control and the current
limits of Li-based batteries. The results clearly show that, aside from an initial spike in current

immediately after the step change, the controller limits the battery current well.
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Figure 29 - Battery Current During a Step Change in Speed

Finally, Figure 30 shows an example switching function for the boost converter modules.
The switching frequency is not constant, as expected when using hysteresis control. By

observation, the maximum switching frequency is about 400 kHz for the parameters in Table 1.
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This may be too high for practical applications, and may require the use of methods that limit the
switching frequency of hysteresis controllers. The simplest approach is to increases the size of the
hysteresis dead band as needed. Preliminary testing shows increasing the dead band from Ai, =
2.5% to Ai; = 5% decreases the maximum switching frequency to about 100 kHz, a more
practical target. While this approach is easy to implement, the type of power source used may

impose restrictions on the amount of current ripple and, hence, the switching frequency.
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Figure 30 - Switching Funciton at Steady State for Boost Converter Module
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5.0 Conclusion

This work expands the theory of operation of a boost converter in a PMSM motor drive to
function in a dual inverter drive for an OWPMSM. In this work, the author proposed a new
topology and control scheme for the dual inverter drive to ensures voltage regulation of both DC
link voltages while limiting the battery current for protection. By boosting the DC link voltage,
the drive can always maintain the MTPA condition at all speeds. Because the battery current is
limited, the maximum available stator current decreases while boosting the DC link voltage in
order to maintain power balance. However, by maintaining the MTPA condition, the torque
production matches that of flux weakening control, but the proposed drive uses less current to do
s0. Hence, conduction losses in the motor decrease compared to the dual inverter drive without a
boost converter module.

A metric is proposed to estimate the speed range based on the maximum allowable DC link
voltage. This maximum DC link voltage can depend on a variety of factors, such as maximum
allowable semiconductor voltage stress. If this maximum DC link voltage is high enough, the
proposed drive extends the speed range of the dual inverter drive compared to flux weakening
control in addition to lower conduction losses. Simulation in PLECS shows, for practical machine

parameters, the proposed drive significantly extends the speed range.
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