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ABSTRACT

Permanent magnet synchronous motor (PMSM) system and proposes control method which can generate
maximum output power in overall speed range for integrated starter/alternator. This project analyzes the dual inverter
driven open-end machine system consists of two inverters which are connected to the both ends of the machine winding.
By disconnecting one inverter from the power source, the dc-link voltage of flying capacitor can be boosted through the
machine. Because one inverter is connected to the only power source, output power of the machine is regulated by the
source connected inverter. In this paper, modulation method for maximizing output power of inverter and motor with
reduced harmonic and loss is proposed. It is a hybrid modulation combining seven-step and fast space vector pulse
width modulations. With proposed method, efficiency and operation area are improved and cost of entire driving system is
also decreased due to the removing of dc—dc converter. Analyses, strategies, control method, and simulation results are
descripted. The experiments with PMSM are accomplished to verify the feasibility of proposed method.

Index terms: dual inverter, harmonic reduction, integrated starter/alternator (ISA), open-end winding, permanent magnet synchronous

motor (PMSM) drive.

INTRODUCTION

Recently, because of the environmental problem
and soaring of the fuel price, electric motor systems are
adopted to the many kinds of traction applications such
as train and vehicle which were traditionally driven by
internal combustion engine (ICE) or external combustion
engine (ECE). In addition, because efficiency of the
electric traction system is higher than that of ICE, electric
traction vehicles have higher mileage than the ICE
vehicles. It is expected that efficiency of the future hybrid
electric vehicle (HEV) and electric vehicle (EV) becomes
higher than the current level thanks to the improvements of
the inverter topology, switching devices, and motor design
technologies.

3 PMSM
DC -AC Inv.

DC-DC Conv.

Figure-1. PMSM drive with dc—dc converter.

AC motors, permanent magnet synchronous
motors (PMSMs), and induction motors, are generally
used as traction motor for HEV due to their high
efficiency although complex control technique is required.
Among the ac motors, PMSMs are mostly used in HEV
because of their high efficiency and compactness.
Especially, interior permanent magnet synchronous motor
(IPMSM) is suitable for HEV application due to its

reluctance torques in field weakening region. Because the
required operating region of HEV motor is much wider
than that of other applications, the reluctance torque and
wide field weakening characteristic make IPMSM adopted
for traction motor of EV. The high efficiency of PMSM
mainly comes from its inherent rotor flux from permanent
magnet, whereas other motors need the rotor current for
generating the rotor flux. Thanks to this rotor flux,
efficiency below the rated speed is higher than other
motors and the power factor of the PMSM is also higher
than that of other machines. However, this constant rotor
flux generates high back-electromotive force (back- EMF)
in the high speed region. Because output voltage of the
inverter should be controlled under the available range,
field weakening control is necessary for the high speed
operation. The negative d-axis current reduces back-EMF
and lowers the required voltage.

Thus, system can be maintained in the stable
operation. Although IPMSM shows higher efficiency than
that of other PMSMs in high speed region, it is true that
field weakening current restricts output torque and drops
the efficiency. By these reasons, high dc-link voltage is
required to reduce the field weakening current and secure
the high speed operation of HEV. However, it is hard to
make high dc-link voltage directly from the battery
because stacking of battery cells requires complex cell
balancing circuits. Most of all, high battery voltage is
potentially dangerous. So, dc—dc boost converter is
generally used to make high dc-link voltage from
relatively low battery voltage.
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Figure-2. PMSM drive with dual inverter with flying
inverter.

The simple schematic of drive system with such
dc- dc converter. This kind of cascaded system, however,
deteriorates the system efficiency. The boosting ratio of
dc—dc converter is also not high, normally between 2 and
3, because high boosting ratio lowers efficiency. Because
inductor used in dc—dc converter takes huge volume and
weight, it is also pointed out as a drawback of dc—dc
converter.

To overcome the demerits of the cascaded
system with the dc—dc converter, several studies have
been conducted. Z-source inverter proposed by Peng et al.
is one of those studies. Z-source inverter uses no dc—dc
converter and makes circuit simpler with inductors and
capacitors. It also has a strong fault tolerance because it
removes dead time between upper and lower switch.
However, it is far from reducing the volume and weight
because it requires two inductors and capacitors. The
boosting ratio is also restricted by output voltage and
shoot-through zero state. In, the cascaded H-bridge with
flying capacitor is proposed to obtain higher output
voltage. This method, however, requires not only many
switches but also the complicated lookup table. The
modulation index (MI) is also limited by the load
condition.

BASICS OF OPERATION

The dual inverter system with flying capacitor
satisfies the two main objects: load power regulation
and flying dc-link voltage regulation. The former is for
following the user command and the latter is for safe
operation of the isolated inverter with flying capacitor.
This section describes the control method satisfying the
objects in the dual inverter with flying capacitor topology.
Such an objective can be accomplished with voltage
decoupling control proposed. The constraints of the
proposed system and the advantages of dual inverter
topology with flying capacitor are described in this
section.

A. System modeling

In analyzing the modulation method and power
flow, the electrical model of PMSM and dual inverter is
considered. Figure-3 shows the electrical schematic of
dual inverter and PMSM. PMSM is simply modeled with
inductor, resistor, and back- EMF from electromagnetic
coupling. The open stator windings are connected to the
legs of Invl and Inv2.Invl connected to the battery is
drawn at the left side of Figure-3 and Imv2 connected to
the capacitor bank is at the opposite end. Terminals and

switches of the Inv2 are expressed with prime for easy
contrast.

Pole voltages of Invl are Vao, Vb o, and V¢ o,
and pole voltages of Imv2 are Vg o, Vp ¢, and V¢ o.
Phase voltages applied to the motor are expressed as

e

ey

P, out
Qaul

P, invl inv2

P in Qin vl Qin v2

= woor )[4

Invl Inv2

Figure-3. Power flow diagram of dual inverter system.

where the common mode voltage between both inverters,

Vo 0’ 18 defined as

Voo = (Vao+Vbo +Vco)/3 - Vao+ Vb 0+Vco)/3. (2)

This common mode voltage does not contribute
to the torque generation because only differential
components  generate torque. In the rotating reference
frame, voltage to the motor can also be written as

Vd=Vd, inv1i—Vd, inv2 3)
Vg=Vq,inv1—Vgq,inv2

where Vg and Vg are the d—g stator voltages in the
synchronous reference frame rotating at the angular
velocity wr. Vd in v1 and Vg,inv1 are the d—q output
voltages of Invl and Vg, in v 2 and Vg in v 2 are the d—
g output voltages of Inv2 in the synchronous reference
frame, respectively.

The voltage and torque equations for PMSM in
the syn- chronous reference frame are written as

Vi= R I+ pLaly — 6, Ly, @)
Vo= R I, + pLaI, + w, (Ar+ Lily) 3
L= ““ G+ s — LY, 6)

where I4 and I are the d-q stator currents in the

synchronous reference frame. Resistance and inductances
of the stator are denoted as Ry, Lg, and Lg. p indicates

differential operator (d/dt), Af is rotor flux, and np is
number of the poles.
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B. Dual inverter with permanent magnet synchronous
motor

The basic permanent magnet synchronous motor
of proposed hybrid electrical vehicle is shown in Figure-4.
Dual inverter is an electronic device or circuit made by
the combination of two bridges. One of them works as
rectifier and other bridge works as inverter. Thus an
electronic circuit, in which two processes take place at
same time, is known as dual converter. In three phase
dual inverter, we make use of 3phase rectifier which
converts 3 phase ac supply to dc. The rest of the process
is same and same elements are used. The output of three
phase rectifier is fed to filter and after filtering the pure
dc fed to load. At last the supply from load is given to
last bridge that is inverter. It do the inverter process of
rectifier and converts dc into 3 phase ac which appears at
output.

INVERTER 1

i

Power SVPWM driver
source

Fey ﬂ

PID
CONTROLLER

INVERTER 2

SVPWM DRIVER

PID 3

CONTROLLER

Figure-4. Block diagram.
1 g-axis

Vg

d-axis

Figure-5. Vector diagram of current and decoupled
voltage.

Reactive power is irrelevant to the flying dc-link
voltage. Because input and output active powers only
change dc- link voltage. This is common idea for the
isolated power systems as in the static synchronous
compensator (STATCOM) [36]. It can be summarized as

Pim2=0. @)

Because Poy t and Qpy t are regulated by

motor controller, the following equations can be induced
from (7) in ideal lossless system

PLN
Py = Piyv1= Pour (&)
QM’:] 2 Qm':Z = Q:ut~ )

C. Power control

Currents flowing in the system are identical in
inverters and motor. Thus, output powers of the each
component are varied with output voltages of inverters.
Pin v 2 becomes zero when the amplitude of output
voltage of the Imv2, Viy y 2, is zero or the angle
difference between current and Vi 2 is 90°.

Figure-3 demonstrates the power flow
diagram of dual inverter with flying capacitor system. P
and (@ indicate the active and reactive powers,
respectively. The subscripts indicate the power source.
Pip shows the input power to the system and Poy ¢t and
Oou t sh ow the active and reactive powers consumed
by the machine.

As aforementioned, main objects of the
machine drive system by dual inverter with flying
capacitor system is torques or speed regulation of the
machine and flying dc- link voltage regulation. To
accomplish the first object, Poy t and Qou t are
regulated. And the active power flow of the Imv2, Pin v 2,
is controlled to zero in order to accomplish the second
object.

At the same time, reactive power of the inv 1,
Qinvl, should be controlled to zero to maximize the output
active power because the apparent output power is limited
by dc-link voltage connected to the power source when
the constant current flows. Therefore, the reactive powers
are controlled as

Qinvl=0 (10)
Qinv2=Qout (11

Equation (10) and (11) indicates that the reactive
power required to the motor is supplied by flying inverter.
In other words, flying inverter works as a reactive
power source.

D. Powers and voltages

In the conventional control method, output
voltages of the components are determined to satisfy the
aforementioned conditions [31], [32]. The previous
researches give the ideas of making two output voltages
orthogonal to maximize the output power while
decoupling the power. Figure-5 shows the vector diagram
of TABLE-1.

MODULATION INDICES
The conventional control method. By putting the
output voltage Vector of the Vip v 1 in parallel with the

current vector, it is possible t o maximize the Pipv 1.
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MODULATION METHOD

MI amplitude of first harmonics

Simultaneously, Vip v 2 is decided to orthogonal
to the current vector to eliminate the active power flow to
Inv2. Thus, (7), (8), and (10) are satisfied regardless of
the operation condition.

Figure-6. Vector diagram of IPMSM in high speed region.

In the case of the general machine drive system
using only one inverter, the required power from the
machine is entirely supplied by the single inverter. For the
dual inverter with flying capacitor system, however,
source connected inverter only takes charge of not the
apparent power but the real power. Thus, constant active
power can be supplied irrespective of load condition,
while flying capacitor supplies reactive power. In
summary, active output power in the low power factor
region can be increased in the dual inverter system with
flying capacitor.

General PMSM shows relatively high  power
factor at low speed and around the rated speed. Thus, the
required reactive power is also not high. For the high
speed region, however, negative d-axis current is definitely
necessary to reduce the back- EMF induced by the rotor
permanent magnets. Figure-6 shows the current and
voltage vectors of IPMSM in high speed region. Thus, the
reactive voltage is also high as much as the active voltage,
Vact. The faster the machine rotates, the higher reactive
voltage is required. Existence of the flying inverter and
capacitor lightens the burden of reactive power and helps
the efficient high speed drive.

Hybrid modulation of dual inverter with flying
capacitor

In this section, power enhancement method
using six- step modulation is proposed. Principle of
operation is explained by comparing the proposed method
with the conventional methods. This section also includes
the analyses of proposed six- step modulation of
dual inverter with flying capacitor scheme focusing on
the power and voltage. To widen the operation of hybrid
modulation method, phase shifting of six-step modulation
method is also proposed. Field weakening control method
which is essential for the high speed operation for the
proposed modulation method is also suggested in this
section.

SPWM
Fast SVPWM

0.7854
0.9067

0.5Vdc
1/3Vdce

A. Principle and objectives

Seven-step modulation is widely known as a
modulation method which can generate maximum output
voltage. Table-1 shows the maximum output voltage of
the three representative modulation methods; sinusoidal
PWM (SPWM), space vector PWM (SVPWM), and
seven-step modulation. Seven-step modulation shows
approximately 10% higher output voltage than SVPWM
method. In addition, the switching loss also reduced,
because only one switching is required in a period.
Although the Seven - step modulation maximizes the
amplitude of fundamental frequency component, it
generates odd harmonics which lower the efficiency and
cause the torque ripple and noise. It is also hard to apply
to the machine which has small inductance because of the
instant current soaring. Thus, it is temporarily used in
dynamic situation such as rapid acceleration or the
applications where the above defects are acceptable.

For the dual inverter topology, the voltage
applied to the load is decided as a difference of the
voltages from two inverters. Thus, the output voltage of the
one inverter does not directly affect the load. This
characteristic enables the hybrid modulation of dual
inverter topology. In the proposed hybrid modulation
method, input side inverter modulates the output voltage
with seven -step. At the same time, opposite inverter
compensates the odd harmonics generated from input side
inverter. Thanks to the compensation of the flying inverter,
load voltage, and current are maintained in sinusoidal
form without harmonics. In summary, proposed method
takes advantages of the Seven -step modulation such as
low switching loss and high output power and removes the
disadvantages such as high order harmonics and torque
ripple.

The hybrid modulation suggested in [28] and
[29] uses the same characteristics of the dual inverter
topology. However, the huge battery bank is hard to apply
to the flying dc-link capacitor in the motor drive
application. Furthermore, the battery bank also can be
recognized as isolated power source not a small dc-link
capacitor. Because the six-step modulation generates
fluctuating active power, voltage of the small dc-link
capacitor also fluctuates. Thus, the ripple power from the
Seven -step operation need to be analyzed and it is
accomplished in the following section.

B. fast space vector modulation

The fast SVPWM based techniques is useful in
systems with or without neutrality, unbalanced load,
and triple harmonics, as well as for generating 3D control
vector Dwell time calculation and switching sequence
generation for the selected two-level hexagon can be
performed in a manner similar to that in the conventional
two-level SVPWM technique. Each two-level hexagon is
divided into six sectors. The sector in reference vector
Vrefo2 depends on its angle 602.Vrefo2 can then be
synthesized by the three stationary vectors of that sector.
Dwell time calculation for the stationary vectors is
performed based on the “volt-second-balancing”
principle. The outer region two-level Hexagon OHland
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reference voltage Vrefo2 VectorsV1 (P2N2N2), V2
(P2NIN2) and P2NINI1, P2N2N2 is zero voltage
vectorsV0. The volt-second-balancing equation for this
sector is given as follows: Vrefo2Ts= V1Ta+ V2Tb+
VOTO, (5) where Ts is the sampling interval; and Ta, Tb,
andTO are the respective dwell times for vectors V1,
V2, and VO. The values of Ta, Tb, and TO are given as
follows:

Ta = Tsxma Sin (IT — 0), (6) Tb = TsxmaSin 6,
(7) To = Ts - Ta—Tb, (8) where ma is the modulation
index defined as follows: Ma= 3 Vref. 9) After
calculating dwell time intervals, an appropriate design for
the switching sequence is required. The typical seven-
segment switching sequence is used in this scheme. The
switching sequence should be designed, such that a
change from one switching state to the next involves only
one leg, and a change from one sector to the next
involves zero or a minimum number of switching With
these constraints, the seven-segment switching sequence
for vector Vrefo2 is given as follows: (PIN2N2),
(P2N2N2), (P2NIN2),(P2N1N1),(P2N1N2), (P2N2N2),
(PIN2N2). Similarly, the switching sequence for Sector
II is given as follows: (PIN2N2), (P2N2N2), (P2N1N2),
(P2NIN1), (P2N1N2), (P2N2N2), (PIN2N2). This
technique further reduces the number of two-level
hexagons that should be considered. Consequently, it
decreases the complexity and efforts involved in the
SVPWM of a inverter. The fast SVPWM for this
technique is initially resolved into inner and outer
regions, similar to in the OSVPWM technique. Thus, the
number of two-level hexagons that should be considered
for the FOSVPWM of a five-level inverter is reduced to
18. The modulation index Ma for SVM is defined as the
maximum value (Ma = 1) that corresponds to the radius
of the largest circle that can be inscribed in the SVD.
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Figure-7. Vector diagrams of dual inverter system at low
speed region. (a) In-phase modulation. (b) Phase shift
modulation.

This paper proposes a phase modulation to solve
these problems. The phase modulation methodswas widely
researched for high speed dc—dc conversion circuit such
as dual active bridge [39], [40], and phase shift converter
[41]. Similar to these methods, it is possible to adjust the
power in the dual inverter system using phase modulation
method. Figure-7 shows the vector diagrams of the
average voltage and current in synchronous reference
frame. In the conventional method, output voltages of the
two inverters are decided orthogonally to decouple the
power as shown in the Figure-7(a). In this case, however,
amplitude of the Vi y 1 becomes lower than the unity MI
and should be chopped by switching. For the six-step
phase modulation method, amplitude of the Vi y 1 is
fixed to unity MI as represented in Figure-7(b). By
replacing the current angle to the average voltage angle,
from 6; to 9;+ 0p m, Where Gpm is the phase modulation

angle defined as the phase difference between current and
modulated Vijp v 1. For example, when the fpm is 40°

and 0 is 5° Vin v 1 is decided to vertex no. 2. If the
Opm is 40° and 6; is —20°, Vin v 1 is located on vertex no.
1. Phase modulated voltage Vin v 1 ,av g is decided to

transfer same amount of active power to the system. Thus,
the average active component of the Vjy , 2 becomes
Zero.

The active component voltage from invl can be
mathematized as

Vinvl,act=2/nVdclcosOpm (12)

Where 6p m is the most important value for
the phase modulation method and can be obtained with
current reference and active voltage as

Opm=cos~ L(Vact/2/mVdcl) (13)

Because two solutions for (20) always exist, the
selection pro- cedure for the optimal solution is required.
Both solutions give the same active voltage but the
amplitudes of reactive voltages generated by seven-step
are different each other. By selecting the optimal fp m, it
is possible to moderate the compensation burden of the
Inv2. Because Vd ¢ 2 can be controlled with the lower value
with this properly selected fp m, the inverter loss can be
reduced. The optimal value of fpm can be acquired by
comparing it with p f. choosing fp m which has same
sign with 6p f gives optimal pm that can minimizes the
reactive voltage for the Inv2.

D. Field weakening control

High speed operation is the main purpose of the
dual inverter with flying capacitor system and it cannot be
operated without the field weakening control methods
have been suggested for several decades [1]-[8]. Among
them, this paper introduces the voltage feedback method
only because it is free from the load parameters and
simple to apply [8]. This method just feeds the output
voltage reference back and regulates it by lowering d-
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axis current. The biggest difference between the field
weakening control of single inverter system and that of
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Figure-8. Configuration of controller for seven-step modulation of dual inverter with flying inverter. (a) Motor,
field weakening, and dc-link voltage controller. (b) Phase modulator and voltage modulation stage.

The field weakening control generally used for
the single inverter system regulates the output reference
voltage to the linear range. For the dynamic performance
and the control stability, the voltage limit is set to have
5%-10% margin. Thus, the voltage limit becomes (26)
when SVPWM is applied

Vlim = nVVdc/3 (14)

where # is voltage margin coefficient which generally
has value around 0.9-0.95. In the previous studies, this
limited voltage is applied to the dual inverter system and
limits output voltage. This marginal voltage can be
considered as a wasted voltage. For the dual inverter
system with six step modulation, the voltage limit goes
up to 1 MI regardless of margin and the voltage limit can
be written as (27)

V1im=2/tVdcl. (15)

Thus, the voltage wasted for the margin can be
eliminated. This output voltage maximization minimizes
field weakening current and improves system efficiency.
Furthermore, the increment is not the apparent power but
the pure active power. Therefore, this increment effect is
not negligible. The active voltage reference for the Invl
includes the active voltage for the load and Vdc2

regulation. Whereas the active voltage for the load
becomes constant in steady state, the active voltage
required for regulating Vdc2 fluctuates due to the seven-
step  operation. For this reason, the d-axis current also
becomes fluctuating. The fluctuating current generates
errors in controller.

Thus, this fluctuating component should be
minimized for stable operation. It can be reduced by
lowering the cut-off frequency of the field weakening
controller. This method, however, also lowers the
dynamic performance of the system such as acceleration,
deceleration, and Vdc2 regulation. Because fluctuating
voltage of Vdc2 is mainly composed of six times of
rotating frequency, it also can be filtered by low pass or
notch filter. This method can lessen the current fluctuation
while it maintains the dynamic performance.

E. System control

*The controller of the proposed seven-step
modulation for d dual inverter with flying capacitor is

composed as shown in Figure-16. Figure-16(a) shows the
motor controller, field weakening controller, and flying
dc-link voltage controller and Figure-16(b) shows the
voltage modulation stage. Motor controller part is quite
similar with the conventional motor controller. It is com-
posed of MTPA table or algorithm and two PI current
regulators which control d—q axis currents in the
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synchronous reference frame. Output active voltage
required to the motor is calculated ith the outputs of the

two current regulators, vd* and Vq*. DC-link voltage
controller is also necessary to control the flying dc-link
voltage. It is simply composed of one PI regulator. It gives
the power required to the flying dc link and it is
converted to the active voltage reference Vinv 2,ac t*.
Two active voltage references are added and become the
active voltage reference of the Invl. Phase modulation

algorithm is applied after calculating Vin v 1,ac t * and

gives the reactive voltage reference Vin v 1, react *,
The output voltage references are modulated with
seven- step for Invl. The current angle and rotor position
are required to convert voltages and currents between d—q
components and active/reactive components. The field
weakening controller also gives d-axis current reference.

Field weakening current controller regulates Vip

v1lact to 1 ML This controller can contain low pass
filter or notch filter for the better performance.

EXPERIMENTAL RESULTS

To verify the validity of the proposed control
method, experiments are accomplished with a PMSM. 148
constant value are given to PID controller and we get the
output voltage of motor is 148. The peak value is Instead
of battery dc power supply is simply adapted to the
power source. Although the flying dc-link voltage can
be controlled according to the operating condition, it is
fixed to 148 v to compare efficiency. For inverter 1 and
2 dc bus voltage is 30v and snubber resistance is le5
ohms.

Figure-9. Fast SVPWM.
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Figure-10. Motor current.
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Figure-11. Motor torque.

Figure-12. Motor output voltage.

In fast svpwm resistance, Vdc and power value
are constant that value is 0.8 ohm, 310 v and 8.1t definitely
shows that current waveforms are pure sinusoidal for
permanent magnet synchronous motor during hybrid
modulation. It remarks that the torque ripples are not
caused by the seven step operation of inv 1. The current
ripples also can be minimized by adjusting Vdc2 in
accordance with the operating condition.

Fig shows the experimentally achieved
operation areas of the machine according to the three
different driving methods. As verified in the previous
researches of [31] and [32], operation area of the dual
inverter with flying capacitor is much larger than that of
the single inverter case.

CONCLUSIONS

This paper presents the hybrid modulation
method which uses hybrid modulation which combines the
seven-step modulation and fast SVPWM for dual inverter
with flying capacitor topology. The proposed modulation

method features the high efficiency and wide operation
area. It maximizes the advantages of the dual inverter
system and minimizes the defects such as battery current
ripple and high inverter loss. The proposed method
enlarges the seven-step operation area to the whole
operation region including the low speed where the
conventional method cannot operate. Thanks to the seven-
step operation of the battery side inverter in whole
operation region, the battery side dc-link filter can be
reduced. This paper analyzes the modulation method
especially considering the power flow between the
inverter and motor. The field weakening method and
controller for the proposed method are also presented.
The reduced scale experiments with the PMSM are also
executed to verify the superiority of the proposed method.
The experimental results prove that the proposed method
gives the high efficiency and large operation area.
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