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ABSTRACT This work presents the control strategies for the configuration involving an open-end winding
induction motor (OW-IM) fed by dual two-level inverters, which can realize the controllable power sharing
between two isolated power sources without using the DC/DC converter. Based on the mathematical model
of the OW-IM and the principles of the voltage vector distribution, two rotor flux calculation algorithms,
namely the motor loss minimization (MLM) algorithm and the maximum power sharing capability (MPSC)
algorithm are proposed and compared, with their selection strategy to select the suitable algorithm depending
on the operating condition. The MLM algorithm has the optimal efficiency performance, while the MPSC
algorithm can maximize the power sharing capability of the dual inverter while holding the widest operation
range of the motor. Based on the dual space vector pulse-width modulation (SVPWM) control scheme, the
golden section (GS) search method is introduced to allocate the stator voltage vector to the dual inverter for
the power sharing demand, with a flexible iteration number to obtain a stable and efficient computational
performance, which fully utilizes the power sharing capability via the voltage vector distribution. Simulation
results prove the validity and the advantages of the proposed strategy. This system also lays a foundation for
energy management function of the dual-power electric vehicles.

INDEX TERMS Dual-power electric vehicle, open-end winding, induction motor, dual inverter, voltage

vector distribution, golden section, power sharing.

NOMENCLATURE E, ZI Electromagnetic torque and load torque
Do Number of pole-pairs iy, Iy Stator and rotor current vectors of OW-IM
Im Rotational inertia of the rotor iM,IiT Components of stator current vector in
B, C Damping ratio and Coulomb friction torque M-axis and T-axis

of the rotor I, It Components of rotor current vector in
R, R, Armature resistance of stator and rotor M-axis and T-axis
R, Equivalent iron loss resistance T . .
. ig, ic Airgap and iron loss current vectors
Ly, L, Leakage inductance of stator and rotor . . . .
L Mutual inductance of stator and rotor TgM> 1gT Components of airgap current vector in
7 M-axis and T-axis
vy Rotor flux vector ie,icr  Components of iron loss current vector in
oF Synchronous angular velocity M-axis and T-axis
wy Rotor angular velocity Uy, Uy Stator and rotor voltage vectors of the
OW-IM
The associate editor coordinating the review of this manuscript and u?l R u:\z Output voltage vector of inverterl and
approving it for publication was Xiaodong Sun . inverter2
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DC-bus voltage of power sourcel and
power source2

Inverterl’s phase voltages

Uxn, Uyn, UZn Inverter2’s phase voltages

uAx, upy, ucz  Phase voltages of the OW-IM

Umn Mid-point voltage difference between the
two power sources

Vel Va2

UAm> UBm»> UCm

IAX, IBX, ICX Phase currents of the OW-IM

Us max Maximum allowable amplitude of the sta-
tor voltage vector

Is max Maximum allowable amplitude of the sta-
tor current vector

Piwt, Pimn Output power of inverterl and inverter2

Py Input power of the OW-IM

D, Inverterl’s output power deviation

I. INTRODUCTION

Electric vehicles (EVs) driven by electric motors are gaining
popularity in recent years and regarded as the ideal substi-
tute for internal combustion engine vehicles (ICEVs). The
permanent magnet synchronous motors (PMSMs) and the
induction motors (IMs) are the two most common types of
the drive motor for EVs [1]-[4]. The switched reluctance
motors (SRMs) also get growing attention by their low man-
ufacturing cost, high reliability, etc. [5]-[7] Compared with
PMSM, the advantages of IM include better high-speed per-
formance due to the less difficulty of flux-weakening oper-
ation, no rotor-position sensor, strong robustness, low cost,
etc. [4], [8], [9] It is necessary to locate the rotor position
of the PMSM in the vector control, thus the additional rotor-
position sensor is required, otherwise the sensorless control
scheme has to be implemented, which increases the sys-
tem complexity [10], [11]. Moreover, the inadequate driving
range of battery electric vehicles (BEVs) has spawned the
electric vehicles equipped with two power sources powering
the motor together, which are thus called range-extended
electric vehicles (REEVs) [12]. The additional power source
can be an oil-electric engine, a fuel cell, a super capacitor, etc.
The traditional REEVs usually employ a DC/DC converter
to maintain the DC-bus voltage, concurrently regulating the
power flow between two power sources. However, the adop-
tion of the DC/DC converter increases system complexity and
cost, also brings extra power consumption [13], [14].

The configuration involving an open-end winding induc-
tion motor (OW-IM) fed by dual two-level inverters, shown
in Fig. 1, has become a competitive alternative. Each end
of the stator winding is fed by an independent inverter leg,
which offers several advantages over the traditional single
inverter configuration: 1) the motor can gain a higher phase
voltage via the second inverter, resulting in a larger oper-
ating range; 2) the dual inverter can provide more phase
voltage levels, enabling higher accuracy in current regulation,
hence less ripple of electromagnetic torque; 3) the system
has a higher reliability with the capability of operating under
faulted conditions; 4) the power sharing or power flow is via
the motor itself, which eliminates the additional losses from
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FIGURE 1. Configuration and voltage schematic of dual two-level inverter
OW-IM drive system.

the DC/DC converter [15]-[20]. The main drawbacks of this
configuration include the extra inverter losses caused by the
additional inverter, and the inherent limitation of the power
sharing range, which can be ameliorated by applying specific
algorithms.

To employ the OW-IM system to EV, there are some
improvements need to be made. Firstly, the operation range
especially the high-speed region should be sufficient for the
vehicle power performance. Secondly, the system efficiency
should be high enough for the vehicle economy. Thirdly,
the power sharing range between the two power sources
in various operating conditions should be optimized. These
improvements should be made to the torque and flux regula-
tion layer, and the voltage modulation layer, respectively.

In the torque and flux regulation layer, the classical way
is setting the rotor flux reference constant in low-speed
region and inversely proportional to the rotor speed in flux-
weakening region. However, by this method the motor cannot
yield the maximum torque in the flux-weakening region as
well as the optimal motor efficiency [21], [22]. Based on
the voltage control strategy, Sang-Hoon Kim et al. [23] pro-
posed a flux-weakening algorithm, which could ensure the
maximum torque operation over the flux-weakening region
without using the machine parameters. Based on the optimal
control problem (OCP), Riadh Abdelati ez al. [24] presented a
new design of loss-minimization optimization control includ-
ing a closed-loop optimal control law and the Pontryagin
principle to get optimal energy consumption. Aiming at the
OW-IM drive system, lan J. Smith ef al. [25] raised a constant
power factor control method to maintain high motor power
conversion efficiencies over a wide range of load settings
while also providing voltage boosting for improved motor
performance in high-speed region, by operating the machine
with a constant fundamental power factor. Although these
methods mentioned above improved the power performance
and the efficiency of the motor, they did not take the power
sharing into consideration. In order to fully utilize the power
sharing capability between the two inverters, the torque and
flux regulation method should be improved accordingly.

In the voltage modulation layer, there are plenty of
researches focused on the cooperative control of the two
inverters [26]-[28]. The main control target is to lower
the inverter switching frequency as much as possible while
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synthesizing the motor’s stator voltage vector precisely.
Arbind Kumar et al. and V.T.Somasekhar et al. [29], [30]
proposed two strategies respectively with a similar idea
of clamping one inverter to a basic voltage vector for
one switching cycle while the other one was compen-
sating the rest, which lowered the device switching fre-
quency of the dual inverter so as to reduce inverter losses.
Kodumur Meesala Ravi Eswar et al. [31] proposed an
improved predictive torque and flux control scheme, whose
nearest voltage vector selection strategy reduced the number
of prediction voltage vectors in each sample interval and
thus reduced the flux ripple, device switching frequency and
the calculation complexity. There are also researches paying
attention to the power sharing between the two inverters.
In order to achieve the controllable power sharing,
Domenico Casadei et al. [32] studied the multilevel operation
of the dual inverter. By using different vector combinations
in specific voltage vector regions, the proposed method could
regulate the power sharing of dual inverter in a limited range
while synthesizing the expected voltage vector in a relative
low switching frequency. Liang Chu et al. [33] proposed a
multi-level current hysteresis modulation scheme by using
the dual inverter as a four-level operator that could achieve
two power sharing levels.

Instead of the cooperative control of the dual inverter, con-
trolling two inverters separately gives another way to achieve
the power sharing function, which is the voltage vector dis-
tribution. The voltage vector distribution works when the two
inverters are both under space vector pulse-width modulation
(SVPWM), namely the dual SVPWM control scheme. Based
on this scheme, Brian A. Welchko [34] proposed three strate-
gies to achieve different power sharing effects, which could
maximize the output power of the primary power source,
the available voltage margin for dynamic performance, and
the input power of the motor accordingly. Based on the
battery-capacitor configuration, Albino Amerise et al. [35]
developed a robust rotor-field oriented control system, which
adapted the voltage of the floating capacitor to the actual
operating condition and reduced the switching losses. This
control scheme improved the efficiency in the region around
the base speed and at high torque values. In our previous
work [36], based on the dual SVPWM control scheme, four
voltage vector distribution patterns were proposed, with their
selection strategy selecting the optimal solution according to
the operating conditions. By using specific basic voltage vec-
tors and saturated voltage vectors, the power sharing demand
could be achieved while the inverter switching frequency was
lowered. However, this strategy had a considerable computa-
tional complexity, so that it was difficult to apply in practical
application.

Towards this issue, the present paper attempts to propose a
torque and flux regulation algorithm, which can combine and
balance the demand of the system efficiency and the power
sharing capability. Also a voltage vector distribution method
is proposed to support the power sharing function with a
relatively light computational burden. This paper is organized
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as follow. In Section II, after presenting the overall configu-
ration of the system, the mathematical model of the OW-IM,
the principles of the dual inverter’s voltage vector distribution
and the power sharing are introduced. Section III works on
the torque and flux regulation. Two flux calculation algo-
rithms are proposed, aiming to optimize the system efficiency
and the power sharing capability, respectively. To realize the
power sharing operation, Section IV introduces a voltage
vector distribution method based on the golden section algo-
rithm with a preset iteration number. In Section V, a detailed
simulation is executed to verify the proposed control scheme.

Il. MATHEMATICAL MODELS OF MOTOR AND

VOLTAGE VECTOR DISTRIBUTION

After introducing the overall configuration of the proposed
system, this section deals with the mathematical model of the
OW-IM based on the equivalent circuits in the synchronous
rotating frame. To quantitatively analyze the motor loss and
efficiency, the copper loss as well as the iron loss is taken into
account. The principles of the dual inverter’s voltage vector
distribution and power sharing are discussed with respective
to the motor’s stator plane. In particular, in order to highlight
the power flow, the Clarke and Park transformations among
different reference frames in this paper are in equal power
form instead of equal amplitude form, thus the coefficient of
the transformation matrix is /2/3 instead of 2/3.

A. SYSTEM OVERALL CONFIGURATION

As shown in Fig. 2, the drive system is composed of the
drive system circuit and its controller. In the circuit part,
the OW-IM is fed by two two-level inverters powered by
two isolated power sources. Two capacitors are employed in
parallel with the power sources in order to provide necessary
reactive power and filter the voltage fluctuation.

l____——— __K_K)werxurcﬁ‘

voltage
vector
L. distributor
lgslg— (golden
section)

[ Ugsllp \
| —ﬁF Oy | 1%

igig otor  [——# | _ Vi
20 flux |
o) i —>‘//’ drive dri
| Y | estimator | rive
N ~— /  system system \p/

controller circuit ower source 2

FIGURE 2. Overall configuration of the OW-IM drive system.

The system controller receives the expected torque 7, and
the desired output power of inverterl P}, , from the vehicle
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control unit (VCU), and delivers the gate control signals
GatesL and GatesR to inverter] and inverter2, respectively.
Specifically, the rotor flux estimator outputs the angle of
the rotor field 6y, in the stationary reference frame, thus
the transformation between the stationary reference frame
(xf frame) and the synchronous rotating reference frame
(MT frame) can be implemented. In the torque regulator,

the desired stator current i} is calculated to generate the
corresponding electromagnetic torque. Then a PID controller

is engaged to provide the desired stator voltage vector u};

N

using the stator current error A i;. After being transformed
to af frame, in the voltage vector distributor, u; is divided

into u}; and u},, which are the desired voltage vectors of
inverter] and inverter2, respectively, to the corresponding
SVPWM operators. This paper mainly focuses on the torque
regulator marked in yellow and the voltage vector distributor
marked in blue.

FIGURE 3. Dynamic equivalent circuit of the OW-IM in MT frame.

B. MATHEMATICAL MODEL OF THE OW-IM

The dynamic equivalent circuit of the OW-IM in the syn-
chronous rotating reference frame is shown in Fig. 3. We give
the equivalent circuit in the vector form instead of the coor-
dinate components. Where R; and R, are the armature resis-
tance of the stator and the rotor, R, is the equivalent iron loss
resistance. Ly, L, are the leakage inductance of the stator
and the rotor, L,, is the mutual inductance. w; and w, are the
synchronous angular velocity and the rotor angular velocity,

respectively. uy is the stator voltage vector. iy, i,, iy and i. are
the current vectors of the stator, the rotor, the airgap, and the
equivalent iron loss resistance, respectively. ? is the rotor

r
N N

flux vector, and we have —~ = L,s i, +Ly, ig. Except for

the motional electromotive force (EMF) jw, v, the EMFs in
series with the inductance are the inductive EMF caused by
the rotating MT frame.
Therefore, in MT frame, the mathematical model of the
OW-IM is described as follow, also in the vector form:
us = Ry iy +p(Lso is +Lm ig) + jog(Lso s +Ly ig)
ur = Ry iy +p(Lyo ir +Ly ig) +ja)f(Lra ir +Ly ig)
0 =Rcic —pLy ig —jwsLy ig
()
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The three equations are the voltage equations of the stator
circuit, the rotor circuit and the airgap circuit, respectively.
Where p is the differential operator and wy is the slip angular
velocity, and we have wf = ws; — w,. Because the OW-IM
we use is squirrel-cage type, LTr = 0 is satisfied. The relation
between the current vectors is shown by (2):

[N

Iy +ir = ig + ic 2)

Because in MT frame the Axis-M is collinear with —,

the electromagnetic torque 7, generated by the motor can be
described by the following equation in a simple form:

Te = —poVris 3)
where pg is the number of pole-pairs, and i; is the component
of the rotor current vector ; in T-axis.

The kinematical equation of the rotor can be described as:
pImwm = Te — (T1 + Bwy + C) “)

where 7 is the load torque, w,, is the rotor’s mechanical

angular velocity, and J, is the rotational inertia of the rotor.

B is the damping ratio and C is the Coulomb friction torque.
Then the efficiency of the OW-IM can be described as:

Nmot = Tywp /(us - iy)

g )

Ngen = (s - 1)/ Tiom
where 1,0 is the efficiency when the motor is in motoring
condition and 74, is that in generating condition.

C. PRINCIPLES OF THE DUAL INVERTER'’S VOLTAGE
VECTOR DISTRIBUTION AND POWER SHARING

To facilitate the derivation, two virtual points m and n are
introduced to split the voltages of the power sources V.1 and
Va2 in halves, as shown in Fig. 1. Thus, the voltage vectors
generated by the two inverters can be obtained as:

Ust = /23 (upme® + upme®/3 + ucme*™/?)
’/22 = 2/3(14)(,,670 —+ uYng/2”/3 + uznei4n/3)

As shown in Fig. 1, wuam, upy, and uc, are the phase
voltages of inverterl, uy,, uy, and uz, are the phase voltages

(6)

of inverter2. ba and u?z are the voltage vectors generated
by inverterl and inverter2, respectively. In the expressions,
e, 273 and ¢*7/3 are the spatial operators indicating the
orientations of the three motor’s phases.

Also, the stator voltage vector of the OW-IM, denoted as

ug, can be synthesized by the motor’s phase voltages usx, upy
and ucz in the same way:

s = /2/3(uax e + ugy e®/? + ucz ¥ %) )

We can also acquire the following relations in phase volt-
ages by Fig. 1:

UAX = UAm — UXn T Umn
UBy = Upm — Uyn + Umn (8)

Ucz = Ucm — Uzn + Umn
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FIGURE 4. Schematic diagram of the dual inverter voltage vector
distribution.

where u,,, is the voltage difference between the two power
sources’ midpoints m and n.

By substituting (6) and (8) into (7), the relation among the
voltage vectors in the motor’s stator plane can be derived as:

s =1i) — 22/ 3t 73 T3y =y —lug
)]

From (9) it can be observed that 12 can be easily obtained
by subtracting LZZ from u?l without involving the floating
midpoint voltage difference u,,,. In essence, u,, leaves an
identical effect on usx, upy and ucz so that they counteract
each other when synthesizing and finally leave no effect on
175. In other words, u,,, acts as a zero-sequence component
independent of the motor’s stator plane.

The phase stator currents of the motor isx, ipy and icx are
measured by the current sensors, then the stator current vector

is, can be synthesized as:

is = /2/3(iaxe® + iy ™ +icze*?)  (10)

—

After i; and the expected L?S are obtained, the voltage vector
distribution and the power sharing between the two inverters
canbe studled As shown in Fig. 4, in the statlonary apf frame
the red vector ug is synthesized by the blue vectors u;] and uvz,
which satisfies the relation expressed in (9). Point O and O>
are the start points of vectors LZ 1 and u?z, which indicate the
centers of the modulation ranges of inverterl and inverter2.
Thus, the hexagon A B C1 D E1 Fy with aradius of \/2/3V
indicates inverter1’s modulation range under SVPWM, and
the hexagon A B> C2 D1 E> F» with a radius of /2/3V 4 indi-
cates inverter2’s. The overlapping area of the two hexagons
A11C>,DyHFy with the green boundary prov1des the feasible
region of the common end point of ug; and uy, which is also
the feasible region of the voltage vector distribution. In other
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words, the essence of the voltage vector distribution is to
determine the location of the common end of Lzl and u_;2,
marked as point J, within the range of A1ICoD>HF .

Because the defined directions of phase stator currents are
from inverterl to inverter2, as shown in Fig. 1, the stator
current vector observed from inverter2 is opposite to that from
inverterl. Thus, the input power of the motor, denoted as Py,
and the output power of inverterl and inverter2, denoted as
Piyy1 and Pj,», can be acquired as:

—
N

Py = ug- i

N

Pipy1 = ug1 - i (11
Py = ug - —iy = —ug - I

In Fig. 4, Pjy1 and Pj,» can be obtained by the scalar
product of us; and i at point Oy, as well as ug and —i; at

point O». Line Ip is perpendicular to i; and going through
point J, which gives a track of the voltage vector distribution
points where the power sharing between the two inverters
holds constant. In other words, all the points on line Ip
obtain the same Pj,,1 and Pj,2. By moving line [p along

with the direction of i; while keeping it not leaving polygon
A11C>,DyHF, the feasible region of power sharing can be
acquired, with two boundary lines Ip; and Ipp, representing
the minimum and the maximum output power of inverter].
It is worth mentioning that the discussion above is based
on the stationary of frame. If we want to analyze the motor’s

operating point in steady state, u; and is are given in the syn-
chronous rotating frame. Under this circumstance, the ampli-

tudes of IZ and iy, as well as the angle between them remain
unchanged, but the modulation ranges of the two inverters
are revolving on their centers as 6y, varies. Thus, the two
hexagons should be replaced with their inscribed circles
to represent the modulation ranges in synchronous rotating
frame, at the same time the feasible region of the voltage
vector distribution shrinks to the overlapping area of the two
circles, shown in Fig. 4. The radiuses of the two circles are

V1/2V 41 and /1/2V 40, respectively.

Ill. TORQUE AND FLUX REGULATION STRATEGY

This section deals with the torque and flux regulation strategy.
Two flux calculation algorithms are proposed and compared,
aiming to optimize the motor efficiency and the power sharing
capability, respectively. The proper algorithm will be selected
depending on the operating condition.

A. MOTOR LOSS MINIMIZATION ALGORITHM

The controllable motor loss can be divided into the copper
loss and the iron loss. They also contribute to most of the
electrical loss of the motor. Motor loss minimization (MLM)
algorithm aims to minimize the copper loss and the iron loss
in steady state of the motor’s operation.
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In steady state, the rotor flux amplitude v holds constant,
thus the rotor currents can be described as:

in=0
12
{it = —T./poVr (12)

The copper loss can be obtained as:

Pcy = Ryl is P4+Ry | ir > =Rs(it; +i3) + R, (i2,+i2)  (13)

where iy and i are the components of i, i, and i; are the

components of i, in M-axis and T-axis.
The iron loss can be obtained as:

Pre = Rel ic I* = Re(iy + iZr) (14)
where iy and i.r are the components of i, in M-axis and
T-axis.

In steady state, the leakage inductance of the motor, namely
Ly and L,,, barely affect the electrical loss of the motor
due to their ultra-low value compared with L,,, so that they
are ignored for convegience. Thus, the components of the

airgap current vector i, in M-axis and T-axis can be easily
acquired as:

!igM = 1ﬁr/Lm (15)

igr =0
From Fig. 3 we can also obtain the iron loss current by
Kirchhoff’s voltage law:
leM = _wsLmigT/Rc
e = U)sLmigM/Rc
Afterwards, by simultaneous equations (12)-(16), the par-

tial derivative of the copper and iron loss to the rotor flux
linkage can be calculated as:

(16)

8(PCu +PFe)/81//r
= 2{p[RyR? + L2 (Ry + Ry
—T?L2[Ry(Rs + Re)? + ReRe(R, + ROIY/ PER2LAY;
(17

By making d(Pc, + Pre)/0¥, = 0 we can acquire the
extreme point of Pc, + Pp.. Because the denominator and
the quartic coefficient of d(Pcy, + Pr.)/90¥, = 0 are positive,
the solution on the right side is where the function curve
crosses the abscissa axis from below to above, thus is the
minimum point of Pc, + Pr, we want. Either there is no Valiil

solution of the above equation, or the amplitude of 12 or i
corresponding to the solution exceeds their upper limits,
it means the present operating point is out of the motor’s
operating range. By obtaining the 1, value corresponding to
the minimum P¢, + P, at each valid operating point of the
motor, we can obtain the look-up table of ¥, in the motor’s
operating range of the loss minimization strategy.
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B. MAXIMUM POWER SHARING CAPABILITY ALGORITHM
From Section II(C) we know the power sharing capability of
the dual inverter is mainly up to the size of the feasible region
of the voltage vector distribution, which is the overlapping
area of the two inverters’ voltage modulation range. If IZ
is hnearly distributed to the dual inverter, which means uy;
and u,, are collinear with us, the power sharing ratio of dual
inverter is exactly the voltage vector amplitude ratio, shown
as follow:

Pinvl:Pinv2:Pm:|usl|:|"22|:|’/Ts| (18)

When V.1 and Vg, are determined, the size of this feasi-
ble region only depends on the amplitude of I/TS Therefore,
the maximum power sharing capability (MPSC) algorithm
aims to minimize the amplitude of the stator voltage vector

ug in steady state of the motor’s operation.
First, we need to derive the unconstrained expression of

the minimum | u, |. From Fig. 3 the airgap current can be
obtained as:

{igM = (% — Lo im)/Lm (19)

igT = _Lrait/Lm
This time we take the leakage inductances into consid-

eration but to neglect the iron loss current i.. Because the
equivalent iron loss resistance R, is in parallel with the stator
circuit as well as the rotor circuit, the current through it barely
influence the stator voltage IZ

-~ N

Therefore, expression (2) becomes is + i, = iz. By sub-

stituting (12) and (19) into (1), the square of |175| can be
calculated as:

u? = {Y,Ry/Lin — Te(potr> @y + ToeR)[Ln(Lss + Ly)
+LyoLro1/pyLnt} )
+Te[Lin(Rs + Ry) + RsLyo + Ry Ly ]
+povtrLs/pyLat? (20)

Afterwards, the partial derivative of u% to ¥, can be calcu-
lated as:

ou /0y,

where fysyva is the minimum voltage vector amplitude equa-
tion, and can be described as:

fuvva = poR> + L2y
—PSTHwH(LsLy — L2)* + (RiLr + R, Ly)*
—2R(R,(LsL, — L2y
—4pow, T2 R (LyL, — L)y —3T*R>(LsL, — L2 )?
(22)

= fuvva/kmvva 21

where we have Ly, = L,, + Ly and L, = L,, + L,,. The
denominator kpsyya can be described as:

kmvva = poLa) /2 (23)
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Similar to the loss minimization strategy, by making
Bu%/ oY, = 0 we can acquire the extreme point of u?
Because kyvya and the octant coefficient of fysyy4 are posi-
tive, the solution on the right side is where the function curve
crosses the abscissa axis from below to above, thus is the
minimum point of u? we want.

Although there is a valid solution of the minimum volt-
age vector amplitude equation fjsyy4, the operating point is
limited by the voltage capacity of the power sources and the
current capacity of the inverters, which means the amplitudes

of us; and i; corresponding to the solution have to satisfy
L -
lus| < Usmax and |is| < iymax, Where usmax End s max

are the maximum allowable amplitudes of ITS and i, respec-
tively. Therefore, if | L?S | > ugmax holds, it means even the
minimum |L7;| exceeds the voltage limit. In this situation
the corresponding operating point cannot be reached be;cause

the voltage is saturated. But if |uy| < ugmax and | i | >
ismax hold, the minimum |us| is restricted by the current
limit. In this situation | uy | gets its minimum amplitude when

| is | = ismax holds duo to the function monotonicity.

This time we take both the leakage inductances and the
equivalent iron loss resistance into account. By substituting
(12), (16) and (19) into i%,[ +i2T = ifmax, the maximum current
vector amplitude equation can be acquired as:

fucva = pYRE + LE0HWE + piL2Qw, To(Ry + Re)
- pORgl?max)wrG
+POTHLAIR, + Re)* + w}LL ]
+RLro Ly + Lyo YY)
+2pow, T2RLELE W2 + TIRPLELE,  (24)

The solution with a lower | IZ | is the valid solution of
equation fyscva-.

In conclusion, at each operating point of the motor,
the solution of equation fisyy4 will be tried first. If it fails, the
solution of equation fy;cys will be selected as the ¥, value of
the maximum power sharing capability strategy.

C. CAMPARION AND SELECTION STRATEGY

OF THE ALGORITHMS

We have proposed three rotor flux calculation methods yet,
which are the motor loss minimization (MLM) method,
the minimum voltage vector amplitude (MVVA) method,
and the maximum current vector amplitude (MCVA)
method. The first method is the MLM algorithm itself, and
the latter two methods form the maximum power sharing
capability (MPSC) algorithm. Then we need to compare these
methods and give the selection strategy.

Table 1 gives the parameters of the OW-IM we use, which
is suitable for vehicle drive system. Particularly, the sum of
Viac1 and Vg is set to 600V, thus the maximum amplitude
of 1y satisfies usmax = ~2/3 % ~/3/2 x 600 = /1I/2 x
600, in which +/2/3 is the coefficient of the equal power
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TABLE 1. Parameters of the OW-IM.

Modules Items Parameters
motor type squirrel-cage
number of pole pairs p, 4
stator armature resistance R /Q 0.025
rotor armature resistance R,/Q 0.035
equivalent iron loss resistance R./Q 110
OwW-IM mutual inductance L, /F 0.0012
leakage inductance of the [0.00015,
statorand rotor [ L, , L, ]/F 0.00017]
rotational inertia of rotor J,, /kgm™ 0.045

Cullen and viscous resistance
coefficient

maximum amplitude of u—v Ugmax 'V \V1/2 x 600
i max 'V N3/2x260

maximum amplitude of 7 i

[0.05, 0.0001]

circuit
restrictions

transformation, +/3/2 is the radius ratio of the inscribed
circle and its circumscribed hexagon representing the voltage
modulation range under SVPWM. The phase current limit

is set to 260A, thus the maximum amplitude of is satisfies
ismax = ~/2/3 x 3/2 x 260 = 4/3/2 x 600, in which 3/2 is
the amplitude ratio of the synthesized i; and the component
sinusoidal phase current.

The operation ranges of the motor are the first and the
fourth quadrants. The first quadrant of the motor’s operat-
ing area represents the motoring state and the fourth quad-
rant represents the generating state, which occurs during the
regenerative braking period. The second and the third quad-
rants represent the opposite revolving direction, which are
completely symmetric with the first and the fourth quadrants.

The rotor flux amplitude maps of the three algorithms are
shown in Fig. 5, which give the expected rotor flux amplitude
in each operating point of the motor.

It can be seen that by combining the MVVA and the
MCVA algorithms, the motor operating range of the maxi-
mum power sharing capability algorithm is obviously larger
than the motor loss minimization algorithm, which enhances
the dynamic performance of the vehicle. In all the three
algorithms, the rotor flux amplitude is positively correlated
with the motor output torque. However, at the same operating
point, the rotor flux amplitudes of the MV VA and the MCVA
algorithms are significantly lower than the MLM algorithm,
hence resulting in relatively lower EMFs and lower ampli-
tudes of the stator voltage vector, which can also be observed
in Fig. 6.

Fig. 6 shows the stator voltage saturability maps of the
three algorithms. The higher the stator voltage saturability is,
the less the voltage margin remains, resulting in less capa-
bility of power sharing. As mentioned above, due to the rela-
tively lower rotor flux amplitudes, the MV VA and the MCVA
algorithms have significantly lower voltage saturability than
the MLLM algorithm at the same operating point, especially in
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FIGURE 5. The rotor flux amplitude maps of the three algorithms.

the low-speed area, which endows the algorithms with more
power sharing capability.

Fig. 7 gives the motor efficiency characteristic of the three
algorithms.

We can observe that all the three algorithms have
pretty good efficiency characteristics with their maximum
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FIGURE 6. The voltage saturability maps of the three algorithms.

efficiency up to 90%. Their high-efficiency areas are all at
the high-speed heavy-load area, but the size of the high-
efficiency area under the MLM algorithm is significantly
larger than the MVVA and the MCVA algorithms, which
gives the MLM algorithm a better efficiency performance in
low-speed area and light-load area.

8851



IEEE Access

Y.-F. Jia et al.: Control Strategy for an Open-End Winding Induction Motor Drive System

: :

g g

L S

3 g

s 3

g 5

2 g

1950 K ‘ . ‘ . ) . . ‘ 550 ; i ‘ : : ; ; ‘ ; g
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
Motor rotational speed (r/min) Motor rotational speed (r/min)
a) The MLM algorithm a) The MLM algorithm
250 T T T x10*
250 ' 1 i 1 12
200
10
150

£ £

= z

- S

2 S

b =

B =

3 3

5 2

2

-150
2

-200
55 ; ; ; ; ‘ : : : ‘ an o ; ; ‘ i i ; ‘ i ; .
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

Motor rotational speed (r/min) Motor rotational speed (r/min)
b) The MVVA algorithm b) The MVVA algorithm
250 : , :

: s

g -

8 S

3 2

s 3

g 5

2 g

950 ‘ ‘ ‘ ‘ s s ‘ ‘ ‘ ; B . . ; ; . . . ; ; .
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
Motor rotational speed (r/min) Motor rotational speed (r/min)
c) The MCVA algorithm c) The MCVA algorithm
FIGURE 7. The motor efficiency maps of the three algorithms. FIGURE 8. Inverter1’s output power span of the three algorithms.

At a certain operating point, the difference between the It can be seen that the MLM algorithm barely has the
maximum and the minimum attainable output power of power sharing capability in high-speed area. Only in low-
inverter] is defined as inverterl’s output power span, repre- speed heavy-load area can it distribute some power between
senting the power sharing capability of the operating point. the dual inverter. On the contrary, the power sharing ranges
The maps of inverter1’s output power span of the three algo- of the MVVA and the MCVA algorithms keep a relatively
rithms are shown in Fig. 8. high value in most of the operating area. When the motor is
8852
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in an extremely high-speed heavy-load operating condition,
there is no voltage margin left, thus all the three algorithms do
not have the power sharing capability. However, the relatively
low stator voltage of the MV VA and the MCVA algorithms
give them higher torque limits in high-speed area.

In conclusion, the MLM algorithm has a better efficiency
characteristic, but the MPSC (MVVA-+MCVA) algorithm has
a larger operating range and better power sharing capability.
The rotor flux calculation algorithm selection strategy should
follow the principles: 1) guarantee the sufficient dynamic
performance; 2) attain a better efficiency based on the real-
ization of the power sharing demand. Therefore, the MLM
algorithm should be selected if the present operating point
is attainable and the power sharing demand can be met by
the MLM algorithm itself. Otherwise, the MPSC algorithm
should be selected. In detail, the MV VA algorithm should
be selected if its operating range covers the current operat-
ing point, otherwise the MCVA algorithm should be imple-
mented. The flow chart of the rotor flux selection strategy is
given in Fig. 9. Where OP is the present operating point of
the motor; ROP_MLM, ROP_MVVAs ROP_MCVA are the operating
ranges of the MLM, MVVA, MCVA algorithm; ¥, aprm,
Y mvva, ¥r mcva are the expected rotor flux amplitudes
of the MLM, MVVA, MCVA algorithm, respectively; and
Rpiny1_mrm is inverterl’s output power range of the MLM
algorithm.

O w

Ore Rop v A

Select ¥, yuu asthe expected |
rotor flux linkage

o
Fvi € Rpimt_sm

Select ¥, v as the expected

OPe R, /) "
OP_MVVA rotor flux linkage

Select ¥, ycrs as the expected

. >
rotor flux linkage

OP€ Rop_ycva

The current OP is out of the
operation range

S

FIGURE 9. Flow chart of the rotor flux selection strategy.

IV. VOLTAGE VECTOR DISTRIBUTION STRATEGY

After the expected rotor flux amplitude v is given, the
expected stator current can be calculated by the following
equations (ignoring R.):

iy = VL
i; = Te*Lr/(pOLmWr)

It is worth mentioning that when we shift the rotor flux cal-
culation algorithms, there might be a saltation of the expected

(25)
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FIGURE 10. Schematic diagram of the searching boundary.

rotor flux . However, the actual ¥, will change gradually
due to the inductance inertia. In order to ensure the accuracy
of the torque control, the expected stator current of T-axis
iy is calculated using the actual v, given by the rotor flux
estimator. Add a rate limiter to v if necessary.

As shown in Fig. 2, a PID controller is engaged to calculate

the desired stator voltage vector u}. Afterwards, we need to

allocate  to inverter] and inverter2 according to the power
sharing demand, which is expressed by the desired output
power of inverterl P} . This section deals with the voltage
vector distribution strategy.

A. BASIC PRINCIPLES AND SEARCHING BOUNDARY
The principles of the dual inverter’s voltage vector distribu-
tion are discussed in Section II(C), from where we know the
voltage vector distribution point J (the common end of I/Z1
and u:\z) has to be allocated inside the feasible region, which
is the overlapping area of the two circles representing the
voltage modulation ranges of the dual inverter. The MPSC
algorithm makes the two circles overlap furthest by minimiz-
ing the amplitude of 1/7;, which maximizes this feasible region.
Now we discuss how to allocate the voltage vector distri-
bution point J. If we allocate J on 175, La and LEZ will be
colinear with LTS, which is called the linear voltage vector
distribution. This method can obtain the maximum available
amplitude of u,. Please observe Fig.4 or Fig. 10, if we keep
increasing the amplitude of l;;, the feasible region of voltage
vector distribution shrinks while the two circles gradually
separate, and the angle range between LEI and ljs shrinks at
the same time. When the two circles are externally tangent,
the linear voltage vector distribution is the only solution to
synthesize LTS If the two circles separate completely, when 175
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cannot be fully synthesized, the linear voltage vector distri-
bution is the optimal choice under this circumstance.
However, the linear voltage vector distribution does not
fully utilize power sharing potential of the feasible region.
Taking inverterl as an example, as shown in (11) we have

Pl = LE 1 - is. The voltage modulation range without regard
to the restriction of inverter2 is the circle centered at O with
a radius of \/1/2V,.1. Thus the maximum P;,,; takes place
when u?] with its maximum amplitude has the same direction

with i, and the minimum P;,,; takes place when us; has

the opposite direction with i, which are the points N; and
Nl’ shown in Fig. 10. However, N1 and Nl’ are not always
inside the feasible region of the voltage vector distribution,
such as the situation in Fig. 10. That is to say, if the linear
voltage vector distribution could not satisfy the power sharing

demand, and on the extended line of i, points N or N 1 are not
inside the feasible region of the voltage vector distribution,
the optimal ug; should be found between the extended lines of

ug and iy . Therefore, we set the space angle of us; or us» in a8
frame as the optimization variable, P;,,1 as the optimization

objective, and the extended lines of IZ and i; as the search-
ing boundary. The optimization goal is to find the optimal
ug] or usy inside the feasible region of the voltage vector

distribution with the closest P;,, to its expected value P;.';wl.

As shown in Fig. 10, [ is the extended line of is through

point Oy, [} is the extended line of —i; through point O5. Tak-
ing inverterl as an example, whether Z0,01N; or LO201N|{
should serve as the searching range depends on the relation
between the motor’s input power P, and inverter1’s expected
power P} ,.If Py, and P, | have the same sign, the boundary

on [ should be along the direction of iy, otherwise it should
be opposite to the direction of i;. In Fig. 10, the angle

between ug and ig is obtuse, where P,, = ug- i, iS minus,

meaning the motor is in generating state. However, P, , is

positive, thus the searching range of u?l should be Z0,01 Ny,
marked as ags. Similarly, the searching range of LZQ should
be £010,P;, marked as a’GS. Because the feasible region of
the voltage vector distribution is a convex region, the extreme
value of P;,;,,; must take place on the edge of the region, which
consists of parts of the two circles. Therefore, the test points
of the voltage vector distribution should only be sought on
the edges of the voltage modulation ranges instead of inside

~~
them. In Fig. 10, M| N arc marked in yellow is the set of the

N ~~
testing points of u, and arc M, N is the set of the testing

points of ug).

B. THE GOLDEN SECTION SEARCH METHOD
The golden section (GS) search method is a classic one-
dimensional search method. Compared to other optimization
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algorithms, the GS method has a lighter and more stable
computational burden, and the number of iterations can be
set flexibly, which is very suitable for the searching of voltage
vector distribution, because the task requires an invariable and
extremely short calculation period in the control chain of the
OW-IM system.

Before the search starts, we need to assure the power
sharing demand P, , cannot be satisfied at the searching
boundary, otherwise the search is not necessary.

Along with the direction of l;;, the output voltage vector of
inverterl u;_u obtaining the exact P;.knv] can be calculated as:

usT_u = P;(nvl ljs /Pm (26)

The corresponding us;_u can be obtained by (9) as ug_u =
u;_,, —uy. If we have | u;_u | < /1/2Vg4e1 and | ug_u | <
V'1/2V4e2, it means uy)_, is inside the feasible region of the
voltage vector distribution.

On the other side of the searching boundary, along with the

extended line of i; from point O1, the output voltage vector of
inverter] u,; ; obtaining the exact P;knvl can be calculated as:

st = Py is /1 is 27

Similarly, along with the extended line of —i; from point
0, the output voltage vector of inverter2 u;J obtaining the
exact P}, can be calculated as:

s2_i = Py — Pu) is /| is | (28)

Follow the same steps to judge whether u?u and ujzj
are inside the feasible region. If anyone of usTfu, usTJ and
u?zj is valid, use it as the final solution of the voltage vector
distribution, otherwise the golden section method should be
executed.

During every iteration of the GS method, a new probe
angle will be tested. The probe angle is a space angle in
off frame, in other words, the probe angle determines two
parallel lines through O; and O, with the same space angle,
representing the orientations of Lt_s\l and LEZ, respectively.
Taking Fig. 10 as an example, the current probe angle is
ap, and the corresponding probe lines are /; through O; and
I} through O;. As mentioned before, we should only focus
on the edges of the voltage modulation ranges so that there
are four test points of voltage vector distribution requiring
attention, which are the intersections of line /; and circle O,
namely P; and Qj, and the intersections of line /; and circle
0;, namely P, and Q5. Using the method mentioned above,
if we have uy| < /T/2Vaer and |ug| < I/2Vae.
it means the current test point is valid (inside the feasible
region of the voltage vector distribution). Then among all
the valid points of the four test points, the point with the
minimum power sharing deviation D, will be selected as the
solution of the current probe angle, where D), is the deviation
between inverterl’s output power at the test point and its
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expected value P, ,. In Fig. 10, point P; will be selected as
the solution of probe angle o, among the two valid points
Py and P,.

It is worth mentioning that the voltage vector distribution
is executed in the stationary o frame, as shown in Fig. 2.
Therefore, the voltage modulation ranges of the two inverters
can be the two hexagons instead of the two inscribed circles.
However, when giving the two parallel lines of the probe
angle, it is much more complex to calculate the coordinates of
the four test points when to use the two hexagons instead of
the two circles, which will increase the computational burden
of the algorithm. Thus, in above discussion we use two circles
to illuminate, and it will cause a conservative result. It is
practicable to use two hexagons for the calculation if only
the processor is capable for the calculation. The method to
acquire the intersections of a hexagon and a line through its
center can be referred in [31].

After setting the number of iterations, the GS searching
procedure can be executed, as shown in Fig. 11.

e )

v

Input the searching
boundaries &, and &,

Calculate the initial probe angles:
=ty - (5 -1)(0t-09,) 12

ot =ty +(5- 1)@ - 0,) /2

Compare the

Power sharing deviation 0

the probe angles:
D, 2

USD

Shorten the searching section
from the i side: @ = @,;

Shorten the searching section
from the u, side:a,, =,

Transfer the probe at the #, side: Transfer the probe at the i, side:
Q) =0y, &y =0
v ¥

Give the new probe at the IZ side: Give the new probe at the i side:
%y =ty - (5 -1t -0,) 12 =y + (S5 -D(@-1,) /2

Select the probe or the initial
searching boundary with the
minimum power sharing deviation

O )

FIGURE 11. Flow chart of the golden section searching method.

In the flow chart, o, and op; are the searching bound-
ary angles of the current iteration at the u; side and the

iy side, respectively. For the first iteration, the searching
boundary is set according to Section IV(A). ap, and o; are

the probe angles at the 175 side and the i; side, Dy, and Dp;
are the minimum power sharing deviations of probes aj,
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TABLE 2. Parameters of the hardware circuit and the controller.

Modules Items Parameters
solver type discrete
solver time step T, /s 5% 1077
on-resistance R, /Q 0.0025
forward voltage drop V, /V 0.8
lnvgner current fall time and tailing time
devices [1.5,2] x 107
(7.7, Vs >
current capacity of each phase i, /A 260
DC-bus voltages of primary and
power secondary power source [350, 250]
sourees Vaa > Vaa WV
ling time T, -/ 4
motor sampling time 7, g /s 1x10
speed proportionality coefficient Py 0.6
controller integral coefficient /. 4
sampling time 7, 7p /s 1x10*
torque lower limit of rotor flux l//: min /WD 0.05
regulator maximum allowable change rate of
rotor flux Ry, ,, /Wb 20
current sampling time T; g /s 1x10™*
regulator - - :
(PID proportionality coefficient P, 2
controller) integral coefficient /., 100
voltage sampling time 7, ; /s 1x10™
vector —
distributor number of iterations #; 3
(GS)
. 4
SVPWM sampling time T g, /s 1x10
operator switching cycle T, gy /s 1x10*

and o,;, respectively. After the specified number of iterations,
the solution of the voltage vector distribution with a Pj,,
closest to P}, | can be acquired.

V. SIMULATION VALIDATION OF THE
OW-IM DRIVE SYSTEM
To validate the proposed strategies of the rotor flux cal-
culation and the voltage vector distribution, we conduct
a detailed simulation of the OW-IM drive system on the
MATLAB/Simulink platform. The parameters of the motor
are identical to Table 1. The hardware circuit and the con-
troller parameters are set up according to Table 2. The
expected output power of inverterl Pj, , is set to 20 kW and
holds constant. An additional motor speed controller using
the PI control principle is introduced to generate the desired
torque 7,° to make the motor speed follow the preset value.
We also set a contrast model with the identical parame-
ters. The only difference is that the contrast model uses the
conventional flux inverse proportional control method: in the
constant torque region the expected rotor flux amplitude ¥
holds constant, and in the field weakening (FW) region
varies inversely proportional to the motor rotational speed.
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FIGURE 12. Curves of motor speed and torque.

The constant ¥ is set to 0.2Wb, and the FW starting speed
is set to 2500r/min.

The motor operation of total 1s is simulated. At the begin-
ning, the expected motor speed linearly increases from 0 to
2000 r/min in 0-0.15 s and holds constant for 0.1 s. Then,
it linearly increases to 6000 r/min in 0.3 s and holds constant
for another 0.1s. Finally, the speed linearly drops to O in
0.35 s. The load torque steps from O to 100 Nm at 0.05 s and
drops to 50 Nm at 0.2 s, then holds constant until the simula-
tion finishes. Thus, the light-load and heavy-load conditions
in the low-speed and high-speed regions, and the acceleration
and deceleration processes of the drive system are all tested.

The expected and actual motor’s rotational speeds are
shown in Fig. 12(a); the electromagnetic torque, load torque,
expected torque and maximum available torque are given
in Fig. 12(b).

From the above figures we can observe that the motor
speed can accurately follow the desired value. There are only
two slight fluctuations at the saltation points of the load
torque. Fig. 12(b) also shows that the electromagnetic torque
can follow the desired value precisely in most time with
the fluctuation lower than 15 Nm. After the motor starts to
decelerate, the electromagnetic torque drops below zero to
apply the braking torque. However, in the first 0.1 s, the elec-
tromagnetic torque cannot catch very well, because it requires
a period building up the rotor flux with enough amplitude
to support the electromagnetic torque after the motor started,
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FIGURE 13. Partial waveforms of phase A’s voltage and current.

which can also be observed from the curve of the rotor flux
amplitude.

Partial waveforms of the single-phase voltage and current
are shown in Fig. 13, sampled from 0.6-0.605 s of the motor’s
operation time.

In theory, the available voltage levels of the motor’s phase
voltage under the dual SVPWM scheme is increased from
5 to 9 compared to the single SVPWM scheme. Furthermore,
there are more available phase voltage levels with the unequal
DC-bus voltages of two power sources. We can observe that
the waveform of the single-phase voltage is very close to the
sine wave, hence the current ripple reduces significantly.

The curves of the rotor flux amplitude of the contrast model
and the proposed strategy are shown in Fig. 14(a) and (b),
respectively. The mode number of the torque regulator under
the proposed flux regulation strategy is shown in Fig. 14(c).

From Fig. 14(a) we can see under the conventional flux
regulation strategy, the expected rotor flux is only related with
the motor speed. After the motor enters the field weakening
region, the expected rotor flux decreases as the motor speed
goes up. The actual rotor flux has a significant lag when the
expected value changes due to the inductive inertia of the
rotor. In the beginning, it takes about 0.1 s to build up the rotor
flux. Thus, during this period the electromagnetic torque of
the motor is confined.

In Fig. 14(c), the mode number 1, 2, 3 represent the
activation of the MLM, MVVA, and MCVA algorithms,
respectively. We can observe that during half of the operating
time the MLM algorithm is selected to enhance the motor
efficiency. But in the heavy-load and high-speed region,
the MLM algorithm cannot satisfy the power sharing demand,
therefore the MPSC algorithm is selected. For instance, after
0.65 s, the motor operates at the generating state, meaning
that P, is below zero, but P?‘nvl remains at 20kW, which is
an extremely severe condition for the power sharing. Under
this circumstance, the MCVA algorithm is selected to pro-
vide inverterl the maximum output power. The correspond-
ing expected and actual rotor flux amplitudes are shown
in Fig. 14(b), from which we can see more variation than
the conventional flux regulation strategy. The most obvious
difference is that under the proposed strategy, the expected
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FIGURE 14. Curves of rotor flux amplitude.

rotor flux is related to not only the motor speed but also
the desired torque. When the motor requires more torque,
the expected rotor flux will increase as well. When the flux
regulation algorithm shifts, such as 0.25 s and 0.65 s, a rapid
change of the expected rotor flux occurs, which may lead to
a major lag of the actual rotor flux due to its inductive inertia.

The output power of the two inverters and the input power
of the motor under the proposed strategy are shown in Fig. 15.

The motor’s input power P,, is determined by its output
power and the efficiency. As shown in Fig. 15, it is shared by
the output power of the two inverters. While inverter] is set
to follow P}, at 20kW, inverter2 is compensating the power
notch or absorbing the excess power. After 0.65 s, when
P* | s greater than Py, P2 goes below zero, inverter2 is

my
absorbing power outputted by both the motor and inverterl.
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FIGURE 15. Output power of the two inverters under the proposed
strategy.
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FIGURE 16. Curves of inverter1’s output power of different models.

In other words, the motor in generating state is charging
power source?2, at the same time power sourcel is also charg-
ing power source? through the motor.

The curves of inverter1’s output power of different models
are shown in Fig. 16. Fig. 16(a) gives the comparison between
the proposed flux regulation strategy and the conventional
flux inverse proportional control. Fig. 16(b) gives the com-
parison among different iteration numbers of the GS search
in the voltage vector distribution.

From Fig. 16(a) we can observe, while inverter1’s expected
power P}, is fixed at 20 kW, inverter1’s output power Pjyy1

my
can stay close to P} | under most circumstances as expected.
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However, in some cases Pj, cannot follow well. During
0.5-0.55 s, Pjpy1 gradually rolls up to 27 kW. At that time,
the motor is in a rapid acceleration so that the electromagnetic

torque and the amplitude of i; are relatively high. Along
with the high back electromotive force (EMF) caused by the

high speed, the motor’s stator voltage vector u; goes nearly
saturated. Thus, the power-sharing range is severely limited
due to the shrinking feasible region of the voltage vector
distribution, and inverter! is forced to output a higher power
to meet the demand of the motor. At 0.65 s, the motor starts
deceleration, while the electromagnetic torque drops below
zero to apply the braking torque. At that moment P,, drops to
—20kW and Py, drops to SkW rapidly, as shown in Fig. 15.
As the motor speed goes down, Py, gradually increases again
and Pjp,1 is getting back to 20kW. During most of the oper-
ating time, P;,,; under the proposed flux regulation strategy
is following better than the conventional flux inverse propor-
tional control, especially in 0.7-0.8 s during the deceleration
of the motor, presenting advantages of the proposed MPSC
algorithm. It is worth mentioning that at 0.55s and 0.65s,
inverterl’s power deviation under the proposed strategy is
abnormally greater than the contrast model, which is caused
by the saltation of the expected rotor flux amplitude when
the flux regulation algorithm shifts. At that time actual rotor
flux cannot follow the expected value immediately due to the
inductive inertia, which can be observed in Fig. 14(b).

In order to study the effect of changing the iteration
number of the GS search in the voltage vector distribution,
the model under the conventional flux inverse proportional
control is simulated 3 times with the iteration number set
to 1, 3, 10, respectively. The result is, in most circum-
stances the differences are tiny. Because in most circum-
stances the power sharing demand can be directly satisfied
by the linear voltage vector distribution without the need
to involve the GS search. Therefore, we choose the local
curve at 0.66-0.7 s during the deceleration to make a contrast,
as shown in Fig. 16(b). It can be observed that even we enlarge
the figure, the curves lay very close to each other. And the
gap between the curves of 1 and 3 iterations is greater than
the gap between 3 and 10 iterations, which means there are
limited effects by increasing the iteration number, and the
degree of this effect improvement decreases as the iteration
number increases. Therefore, it is suitable to set a relatively
small iteration number to lighten the computational burden
while maintaining an acceptable optimization accuracy.

The curves of the motor electrical loss of the proposed
strategy and the contrast model are shown in Fig. 17.

The motor electrical loss includes the copper loss and the
iron loss, which reflects the electromechanical conversion
efficiency of the motor. From Fig. 17 we can observe that in
most of the operation time the motor electrical loss under the
proposed strategy is less than the conventional flux inverse
proportional control. However, at around 0.3 s and after
0.7 s, the conventional control performs better for different
reasons. At around 0.3 s, the flux calculation algorithm has
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FIGURE 17. Curves of motor electrical loss.

just shifted from the MVVA to the MLM when the rotor
flux cannot follow rapidly due to the inductive inertia. After
0.7 s, the MPSC algorithm is activated to obtain a better
power sharing capacity, thus the motor efficiency is set less
of a priority.

VI. CONCLUSION

The OW-IM fed by dual inverter with two isolated power
sources is studied in this paper. Two rotor flux calculation
algorithms are proposed, which are the MLM algorithm and
the MPSC algorithm. The MLM algorithm has the opti-
mal efficiency performance, while the MPSC algorithm can
maximize the power sharing capability of the dual inverter
while holding the widest operation range of the motor. The
algorithm selection strategy can pick the suitable rotor flux
reference depending on the operating condition. Based on the
dual SVPWM control scheme, the voltage vector distribution
strategy involving the GS method fully utilizes the power
sharing capability with a stable and efficient computational
performance. Simulation results prove the validity of the
proposed strategy, and show the potential in the energy man-
agement function for dual-power EVs.

However, there is also some room for improvement. At the
present stage when the flux regulation algorithm shifts among
the 3 algorithms, a saltation of the expected rotor flux often
occurs, which may lead to a performance deterioration during
the lag of the actual rotor flux due to its inductive inertia,
especially when the operating conditions are changing dras-
tically. Besides, the flux regulation and the voltage vector
distribution are highly dependent on the accuracy of the motor
parameters and state variables, which may cause the loss of
control precision under severe conditions such as the dras-
tic change in temperature. Thus, a high-precision parameter
identification algorithm is needed to put this system into
practical use.

Future research will be directed towards the above existing
problems. And a test bench of the drive system will be built
to validate the proposed scheme.
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