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Abstract—Single-phase grid-connected integrated on-board
charger (IOBC) can significantly reduce the cost and the bulk of
electric vehicles and has been used in real products. However, there
are still two problems that have not been discussed and solved. First,
when permanent magnet synchronous motor drives are used for
single-phase IOBC, there are second-order current harmonic and
the possibility of instability in the system. Second, when multiphase
motor (MPM) drives are used for single-phase IOBC, the currents’
assignment strategy and the dc voltage utilization of inverter need
to be dissected. This article does detailed research works about
these two problems. The origin of the second-order harmonic
and the instability are exposed. Furthermore, proportional-double-
resonant regulator and adaptive proportional (P) parameter con-
trol schemes are proposed to solve these problems. The operation
principle of single-phase IOBC with MPM drive is analyzed. Two
different operating modes are recommended, and an optimal zero-
sequence voltage is designed to increase the dc voltage utilization
capability of the inverter. At last, the feasibility of the proposed
operation and control schemes are verified by experiments.

Index Terms—Current control, electric vehicles (EV), integrated
charger, permanent magnet synchronous motor (PMSM).

I. INTRODUCTION

LECTRIC vehicles (EV) have been rapidly promoted and

developed in recent years due to their several significant
benefits, such as reduced greenhouse gas emissions and superior
vehicular performance [1]. As the critical technique for sup-
plying electric energy to EV’s battery, the charging technique
has also attracted great attention [2]. Off-board chargers are
significant infrastructures for EV. They can provide a high-power
level charging function. However, off-board chargers can only be
used in some specific places, so that they lack charging flexibility
and convenience. Conversely, on-board chargers (OBC) can be
used in anywhere with grid outlets. However, their power levels
are limited due to additional cost and volume.
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The ac motor drive and pulsewidth modulation rectifier have
similarities from the aspect of power conversion. Therefore,
integrated on-board chargers (IOBC), which utilize motor drive
to construct the hardware of OBC, were investigated in [3]—
[14]. In IOBC, motor windings act as filter inductance, and
the propulsion inverter is used as an ac/dc converter or a dc/dc
converter of the charger. Therefore, the cost and volume of the
power electronic system of EV can be significantly reduced by
implementing IOBC. In future high power OBC technologies,
IOBC will be quite an effective solution [2].

There are kinds of methods that have been proposed to realize
the integrated charger. First, three-phase grid-connected IOBC
are reviewed. In [3] and [4], additional three-phase current
source converters (CSC) were used to interface with the three-
phase grid. Motor windings and propulsion inverter act as a
boost dc/dc converter. In charging mode, the motor will not
generate torque. However, CSC still consume some space and
cost. In [5]-[7], six-phase motor drives were reconstructed to
connect to a three-phase grid, and the structure was similar
to a parallel converter. Meanwhile, the synthetic magnetomo-
tive force (MMF) is pulsating along a fixed axis, so that the
electromagnetic torque is zero. In [8]-[10], multiphase motor
(MPM) drives with prime number phases were used for the
integrated charger. The principle of those methods is similar
to the six-phase motor drive. Practically, the three-phase grid is
usually used in industry and is not common in residence or other
public occasions. Moreover, three-phase permanent magnet syn-
chronous motor (PMSM) drives, which are the most popular in
EV application, have no practical solutions to realize three-phase
charging functions, unless adding extra power electronics units
(31, [4].

Three-phase PMSM drives can easily achieve single-phase
grid-connected IOBC. In [11], a single-phase integrated charger
circuit was introduced and is illustrated in Fig. 1. During charg-
ing, the phase-a winding of PMSM is connected to one side of
the single-phase grid, whereas the phase-a leg of the inverter
is connected to another side. The currents have relationship
of Fig. 2 (i, = —2i, = -2i.). A pulsating MMF along a-axis
is produced. Furthermore, if the d-axis of PMSM is aligned
to a-axis, the electromagnetic torque will be zero. In [12], a
diode bridge was added to rectify the grid, and the three-phase
motor drive acts as a boost dc/dc converter. There is no need
for hardware reconfiguration. Similar to [11], the MMF is also
pulsating along the d-axis of PMSM, and torque can be elimi-
nated. In [13], MPM drives were used, and zero-torque IOBC
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Fig. 1. Schematic circuit diagram of the studied single-phase IOBC.
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Fig. 2. Current waveforms of single-phase IOBC during charging.

can be achieved by only feeding zero-sequence current into
the motor. However, the motor’s neutral point should be pulled
out. In [14], a four-phase switched reluctance motor drive was
used to construct a single-phase integrated charger. There are
no additional devices. It is cheap and robust. However, it will
generate torque during charging.

Compared to three-phase integrated chargers, single-phase
integrated chargers are more practical to apply in EV. Despite the
structures of single-phase integrated chargers are plenty, there
is a common feature that the pulsating armature MMF is along
the d-axis of PMSM. Due to the effect of permanent magnet
(PM), the magnetic path of the armature field will be periodically
saturated, and the equivalent inductance will be time-variant as
a result. The time-variant inductance will result in two control
problems. The first problem is the second-order current har-
monic, and the second problem is that the phase margin of the
control system will reduce a lot when the equivalent inductance
gets small. The typical proportional-resonant (PR) controller
cannot solve the above problems [11]. This article analyzes the
origin of the above issues and proposes an improved control
scheme to solve them. Without loss of generality, the charging
circuit shown in Fig. 1 is chosen to discuss the saturation
principle and to design corresponding solutions in this article.

On the other hand, the integrated circuits proposed in [11]
and [12] can also extend to the MPM drives, and the motor
does not need to be modified. However, the operation of the
circuits with MPM drives is different from the circuits with three-
phase drives. First, there are more current combinations in the
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TABLE I
PARAMETERS OF THE SIMULATIONAL IPMSM

Items Values (Units)
Slots/Poles 48/8
Rated power 70 kW
Stator outer diameter 264 mm
Stator inner diameter 162 mm
Rated speed 4000 rpm
Peak Power 120 kW
Max. phase current 240 Arms

multiphase system. Besides, the dc voltage of the inverter should
be larger than twice the peak value of the grid voltage if there
is no improved operation scheme, which means a higher risk
of overmodulation. This article proposes two operating modes
for the single-phase IOBC system with MPM drive, one for
minimizing the power loss and the other for eliminating the
torque. Moreover, the effect of zero-sequence voltage (V) on
the modulation is dissected in this article, and the optimal Vj is
proposed to prevent the inverter from overmodulation.

The rest of this article is organized as follows. In Sec-
tions II and III, the analysis of single-phase integrated chargers
(incorporating with PMSM and MPM drives, respectively) is
presented. The corresponding control and operation problems
are explained. In Section IV, improved control and operation
schemes are proposed to solve these problems. In Section V,
experiments are used to verify the proposed methods. Finally,
Section VI concludes this article.

II. ANALYSIS OF SINGLE-PHASE INTEGRATED CHARGER
INCORPORATING WITH PMSM DRIVES

The schematic circuit diagram of the studied IOBC is shown
in Fig. 1. Electromagnetic interference (EMI) filter is always
necessary for grid-tied converters and is used for suppressing
the high-frequency common-mode (CM) and differential-mode
(DM) EMLI. The typical overheads of EMI filter for the power
level of 12-20 kW are one- or two-stage LC filters (Typical
value: Loy, 1 mH, Cepy: 3 pF, Lam: 165 pH, Cqp: 17.6 nF), their
volume and cost are relatively small [15]. It should be noted
that other single-phase IOBCs have similar electromagnetic
characteristics to the studied one. Therefore, the discussion in
this article can be extended to other single-phase IOBC systems.
In this section, loss and thermal of the single-phase IOBC are
evaluated by simulation since the loss and the temperature rise
are controversial issues in the IOBC system. The theoretical
analysis of the loss and of the temperature rise is beyond the
scope of this article. Subsequently, the single-phase IOBC with
PMSM drive is analyzed in detail.

A. Thermal Evaluation of Single-Phase IOBC

A 70-kW three-phase interior PMSM (IPMSM), which is
suitable for EV application, is simulated with FEM software
to evaluate the loss and the temperature rise of the motor in
the charging mode. The parameters of the IPMSM are listed in
Table L.

Three modes have been simulated. The first mode is the single-
phase charging mode, the charging power is 12 kW, and the
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TABLE II
LoSSES OF IPMSM UNDER CHARGING AND PROPULSION MODE

Mode 12 kW charging Drive mode with Drive mode with

Loss mode phase current rated output power

54.55Arms putp
Magnet eddy cur- 75W 038 W 0.79 W
rent loss

Stator core loss 2.928 W 223.67W 283.19 W
Rotor core loss 0.94 W 20.06 W 30.85 W
Copper loss 180.2 W 360 W 798.5 W

Fig. 3.
mode.

Temperature distribution of (a) charging mode and (b) propulsion

current of the grid-tied phase equals 54.55 Arms. The second
mode is propulsion mode, the speed is 4000 r/min, and the rms
value of each phase current is equal to 54.55 Arms (100 N-m
torque is produced). The last mode is propulsion mode with rated
output power, and the speed is 4000 r/min. The PM eddy current
loss, copper loss, and core loss under those three modes have
been calculated, and the results are presented in Table II.

Furthermore, the temperature rise of IPMSM was also sim-
ulated with MotorCAD software. The outer housing cooling is
natural convection, whereas the inner housing cooling is water
cooling. The ambient temperature is 40°, the inlet temperature of
the cooling water is 65°, and the flow rate is 8 L/min. The winding
ends are filled with thermally conductive glue. The temperature
distribution of IPMSM under 12 kW charging mode and under
propulsion mode (rated power) is shown in Fig. 3(a) and (b),
respectively.

Obviously, under a similar cooling condition, the temperature
rise of IPMSM in 12 kW charging mode is significantly lower
than the propulsion mode. Hence, single-phase IOBC has no
concerns about high-temperature demagnetization of PM or
overheating of the motor.

B. d-Axis Inductance Variation of Single-Phase IOBC
Incorporating With PMSM Drive

As mentioned in Section I, to eliminate the torque, only the
d-axis armature reaction field is generated in single-phase [OBC
incorporating with PMSM drive. Actually, the combined effect
of the d-axis armature reaction field and PM field can cause
the saturation of material and result in inductance variation.
The design of the controller is closely related to the value of
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Fig. 4. Four mainstream PMSM topologies used in EV. (a) Surface-mounted
PMSM. (b) Inserted PMSM. (c¢) V-shaped IPMSM. (d) I-shaped IPMSM.

inductance. Hence, the d-axis inductance variation should be
dissected.

Generally speaking, the PMSMs applied in EV are radial-field
machines with the internal rotor, and the PM is on the rotor. Fig. 4
shows four mainstream PMSM topologies [16]. The magnetic
path of the d-axis armature field will be different depending
on the PMSM topology. As a result, the reason for magnetic
saturation will also have a discrepancy.

Surface-mounted PMSM [Fig. 4(a)] and inserted PMSM
[Fig. 4(b)] place the PM on rotor surface. Therefore, there is
little leakage flux of the PM, and the magnetic path of the d-axis
armature reaction field will be equivalent to the magnetic path
of the PM main field [16]. The magnetic path includes the stator
tooth (reluctance Ryt), stator yoke and rotor yoke (reluctance R ),
and two air gaps (reluctance 2R ). The relationship between the
inductance and the reluctance is shown in (1), where N is the
equivalent turns of windings

N2
Lspmsm Rt Ry + 2R, (H
N2
R+ Ry + R, + 2R,

Lipvsm = (2)

Usually, the PM will make the stator tooth near the inflection
point of the magnetization curve. Fig. 5 shows the principle,
F,, is the MMF of PM. In the charging mode, d-axis armature
reaction MMF (F,) will make the stator tooth get into saturation
region periodically. Therefore, the inductance will vary with
d-axis current (F, is proportional to i4). Specifically, when i >
0, the inductance will decrease because the stator tooth gets
into saturated region; when i4 < 0, the inductance will increase
since the stator tooth gets into linear region. Fig. 6 shows an
FEM simulation result of a typical SPMSM.

IPMSM [see Fig. 4(c)] accommodates the PM within the
rotor, and there is leakage flux produced by PM. Meanwhile,
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Fig. 6. Curve of d-axis inductance for SPMSM.
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Fig. 7. (a) Magnet field excited only by PM (F, = 0). (b) Armature reaction
field (F,, =0, F, > 0).

the armature reaction field will not path through the PM [16].
Hence, the magnetic path of the d-axis armature field will not
only include stator tooth and stator yoke, but also include the
magnetic path in which the PM leakage field exists (reluctance
R;). Fig. 7 shows the above situation. The gaps are the magnetic
path in which the PM leakage field exists. R; is larger than R;; and
R, (the gaps are narrower than stator tooth and yoke). Therefore,
the inductance of IPMSM will be mainly determined by R; and
R,. The gaps are so narrow that even the PM leakage field can
make the gaps near the saturated region of the material. On the
other hand, it can be found from Fig. 7(b) that, when iy > 0,
the d-axis armature reaction field is in the opposite direction to
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Fig. 9. Single-phase IOBC incorporating with five-phase motor drive.

the PM leakage field in those gaps. Therefore, when iy > 0, the
inductance will increase since the gaps get into the linear region;
when i; < 0, the inductance will decrease since the gaps get into
the saturation region. Fig. 8 shows an FEM simulation result of
an IPMSM.

As for rotor topology shown in Fig. 4(d), the PM leakage field
will path through the air gap, and the magnetic path of the PM
leakage field will not get into the saturation region. Therefore,
the inductance variation is similar to the case of surface-mounted
PMSM.

The time variation of d-axis inductance will influence the
steady-state and transient process of current control. The detailed
analysis will be described in Section IV.

III. ANALYSIS OF SINGLE-PHASE INTEGRATED CHARGER
INCORPORATING WITH MPM DRIVES

MPMs have the advantages of better fault tolerance and
high-power rating. MPM and their drives may become serious
contenders for future EV applications [17]. Single-phase charg-
ing function can also be integrated into MPM drives. Fig. 9 shows
an example of single-phase IOBC with a five-phase motor drive.
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A. Operating Modes of Single-Phase IOBC With MPM Drives

As shown in Fig. 9, the current of the grid-connected phase
(assuming 77 ) is determined by the power command. The sum of
currents of other phases is equal to —i;. The assignment way of
other phases currents affects the loss and the torque of the single-
phase IOBC. Generally speaking, the currents of other phases are
in-phase or antiphase to i; (for eliminating the torque). Hence,
the ratios of them are the freedom of control. Two modes are
proposed in this article.

The first mode minimizes the switching loss of inverter (pro-
portional to currents’ amplitude) and the copper loss of motor
(proportional to currents’ square), whereas the armature reaction
field and the torque are not considered. Equation (3) shows the
currents constrain equation and the optimization goals of the
first mode; n is the phase number of MPM

i1 = Iy sin (wgt + @g)

ig+ig+ - +ip=—01

t9 = kgil,ig = kg’ih ey = ki1

ko, ks, .., ky = argmin {z% +i3+ i+ —1—22} and
arglniﬂ»{ﬁl\-%|i2|-%\i3|4-"--+|in|}é3)

currents constrain {

According to triangle inequality, the second optimization goal
can be achieved when is, i3, ..., i, have the same sign. On the
other hand, according to linear algebra theory, the first optimiza-

tion goal can be achieved when iy = i35 = --- = i,,. Therefore,
the first operating mode has global minimum switching loss and
global minimum copper loss if iy = i3 = - = i,, = —i1/(n—1).

However, according to the coordinate transformation of the
multiphase system [18], there is pulsating armature MMF ex-
cited in flux/torque plane. Equation (4) shows the principle. As a
result, the rotor should be assigned to a specific position (a-axis)
for eliminating the torque. Moreover, the pulsating armature
MMF will also result in PM eddy current loss

“

a1 = 2> p_y ik COS Lk;l)” = 2
Qg1 = 2 Y0 dpsin 2507 —

The second mode doesn’t generate MMF in the flux/torque
plane so that the torque is zero, and the PM eddy current
loss can be reduced. Equation (5) shows the currents constrain
equation and two optional optimization goals for the second
mode. Numerical optimization methods are needed to solve the
above equation, which is beyond the scope of this article. As an

example, for the five-phase motor, one solution of (5) is iy =
i5s = —0.809i1, i3 = iy, = 0.309i;

i1 = Iy sin (wgt + @g)
lo+i3+ -+ ip = 01

currents constrain n . 2(k—1)m
k1 Wk cOS ———= =10
= n,
n . 2(k—D)7m 0
D k=1 bk SN == =
192 = k221713 = l{321, ey ln = knll

ko, ks, ...k, = argmin {i} + i3 + i3 +--- +i2}or
argmin {|i1| + |ia] + |ig| + - + |in|}-

(&)
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TABLE III
LOSSES OF S1X-PHASE PMSM AND THREE-PHASE PMSM IN CHARGING MODE

Mode MPM: the first ~ MPM: the second Three-phase
Loss mode @I12kW  mode @ 12kW PMSM @ 12 kW
Magnet eddy cur- 175 W 0.15W 75W
rent loss
Stator core loss 0.7 W 1.7W 2928 W
Rotor core loss 0.25 W 0.27 W 0.94 W
Copper loss 72.5W 250.7 W 180.2 W

B. Loss Analysis of Single-Phase IOBC With MPM Drive

The copper loss of a n-phase motor working in the first mode
can be calculated by (6). Even if assuming that the resistance
of the MPM is equal to the resistance of the three-phase motor,
the copper loss of the MPM is still less than the three-phase
motor. But actually, MPM usually has smaller resistance than the
three-phase motor, which will decrease the copper loss further.
On the other hand, it can be found from (4) that the armature
magnetic-excitation of MPM is also weaker than the three-phase
motor. Therefore, the PM eddy current loss will also be less than
the three-phase motor

nis Ry

n—1"

Pou =) itRs = (©)
k=1

The second mode produces tiny PM eddy current loss be-
cause the generated MMF is very weak (MMF equals to zero
theoretically). The copper loss of the second mode will be larger
than the first mode because some phases’ current may increase.
However, the copper loss of the second mode is still comparable
to the three-phase motor.

Similar to Section II-A, losses of a six-phase PMSM have
been calculated by FEM software. In the simulation, the only
difference between the six-phase PMSM and the three-phase
PMSM is the winding distribution. The three-phase winding
is separated into a six-phase winding. Besides, the currents of
MPM have a relationship of is = —1.4i1, i3 = i1,y =i5 = ig =
—0.2i1 in the second mode.

Table III lists the simulation results. When MPM works in
the second mode, the PM eddy current loss reduces a lot. The
core loss of MPM is less than the three-phase motor no matter
which mode is selected. MPM has less copper loss when it
works in the first mode. The copper loss of MPM working in
the second mode is a little bit larger than the three-phase motor.
However, the current level in charging mode is undoubtedly less
than the drive mode. Therefore, the cooling condition of the
stator is great enough to prevent MPM from overheating. Finally,
it can be concluded that the single-phase IOBC incorporating
with MPM drive also has no concerns about high-temperature
demagnetization of PM or overheating of the motor.

C. DC Voltage Utilization of Single-Phase IOBC

At present, the dc voltage level of most EV on the market
is around 400 V, and it will develop to higher voltage [19].
According to the typical discharge curve of the battery, the
minimum battery voltage in the nominal working area is 85.7%
of the rated voltage [20]. Therefore, the normal range of dc
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voltage is between 340-400 V, which means a single-phase
grid can be directly connected to the inverter. However, for
some hybrid EV (HEV) whose battery voltage is lower than
311 V, a bidirectional boost dc/dc regulator is needed. This
dc/dc regulator can also expand the speed range of HEV [21].
The participation of the dc/dc converter has little influence on
the studied charger system, provided a reasonable synergistic
control strategy is applied. In the synergistic control strategy,
the real-time charging or discharging power is feedforward to
the controller of the dc/dc converter simultaneously. The dc-link
voltage can maintain the desired level (340400 V) even the
charging power has a sudden change [22].

The dc voltage utilization of single-phase IOBC refers to
the lowest dc voltage of the system for working in the linear
modulation region. Obviously, the dc voltage requirement of
single-phase IOBC should not exceed 340-400 V

piy 11 Uu10 Ug UNO
Dl io U20 0 UNO
L| . |+Rs| . |=]| . |— - ) (7
_pin_ _in_ L UnO | L 0 UNO
_ o _ _ .
Pl i1 u10 g Vo
. . Ug
pi2 io u20 -z Vo
L + R, = — ) _
. . . '
| Pin | L tn | L UnO | L — Vo
(3)

In order to analyze the dc voltage utilization, the model of
single-phase IOBC with MPM drive (see Fig. 9) is derived, as
shown in (7). Since the sum of currents is zero, uyo equals
(10 + 20+ -+ + upo—ug)/n. Thus, model (8) can be obtained,
where Vo = (u10 + uso + -+ + uno)/n.

In steady-state, the voltage drop on the inductor and the
resistance can be neglected. Therefore, the phase-leg output
voltage uo (k = 1,2,..., n) of the inverter is related to phase
number, and V{ (V) is the zero-sequence voltage of inverter and
can be set to any value artificially). The dc voltage should be
larger than twice the peak of uj,o. Fig. 10 shows the relationship
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among phase number V|, and the minimum requirement of dc
voltage (#dcmin, for working in the linear region). It can be found
that when dc voltage is 400 V, the selection of Vy determines
whether the inverter operates in the linear modulation region or
overmodulation region. In the typical method, Vj, is set to zero,
but it can be seen that the inverter will get into the overmodula-
tion zone when the phase number increases. In order to improve
the performance of single-phase IOBC, the best choice of Vy will
be discussed in Section IV, and it will ensure that the inverter
can always work in the linear region (with 340 V dc voltage and
any phase number).

IV. IMPROVED CONTROL AND OPERATION SCHEME

In this section, control schemes for single-phase IOBCs in-
corporating with three-phase and MPM drive are proposed, es-
pecially for single-phase IOBCs with three-phase PMSM drive
and MPM drive. For the integrity of design, the control method
for single-phase IOBC with a three-phase induction motor (IM)
drive is also introduced.

A. Control for Single-Phase IOBC With IM Drive

IM is also a commonly used motor type in EV. IM will not
produce torque when it is applied in the single-phase IOBC. The
mathematic model of IM in a5-frame (w, = 0) is shown in (9).
R, and R, are the resistance of phase-winding of the stator and
the rotor, respectively. L, and L, are the self-inductance of the
stator and the rotor, respectively. M,, is the mutual inductance.
n, is the pole pairs. The transfer function between i, (irg)
and is, (isg) can be obtained as (10). If the ratio of isg and
iso 1S controlled to a constant, the torque of IM will be zero
according to the torque equation of IM, which means that only
magnetic-excitation current exists in IM while there is no torque-
generation current. In the single-phase IOBC with the three-
phase motor, i,z is always controlled to zero. Therefore, the
torque of IM is zero because the ratio of i,3 and i, is zero

Usq [ R, + sL, 0 sM,, 0
Usg | wp=0 0 Ry + sLy 0 sM,,
0 o sM,, 0 R, + sL, 0
0 0 sMy, 0 R, +sLy
lsa
x | bsP
lra
[ irp
T, = 1.5n,M,, (isgira — isai’rﬁ>
)
iroa irB _SMm
==, . = 0 10
i iy Rotsn, =0 (10)
. . Mm (RT + SLlr) . Mler .
a = Mm sa ra) = sa N sa-
v Gro Hivo) = =R "L L,
(11)

On the other hand, the flux in air gap can be calculated by
(11). It can be seen that the magnetic-excitation of the charging
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IOBC incorporating with IM drive.
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Fig. 12.  Bode diagram of PR and PQR regulator (K, = 1, K;1 = 50, w.1 =
5 rad/s).

mode is weaker than the drive mode (the equivalent magnetic-
excitation inductance of drive mode is equal to M,,). The grid
current can be up to L,/L;, times of the rated excitation current
of IM, whereas the stator and the rotor will not get into magnetic
saturation region. Therefore, single-phase IOBC incorporating
with three-phase IM will not have the problems of periodical
magnetic saturation.

Hence, current controller based on PR regulator can be used
for single-phase IOBC incorporating with IM drive. Fig. 11
shows the complex vector control diagram. The control targets
are controlling current vector to pulsate at cv-axis. The reference
of 3-axis current equals zero. The a-axis current reference is ac
quantity at the grid frequency. Therefore, PR regulator should
be used to track the references with no steady-state error [23]

Krls
G s) =K, + —— 12
PR (5) Pt ) (12)
K,1s
Gpor (s) = K, + - (13)

52 4+ 2we s + (wg)2 .

The transfer function of the ideal PR regulator is expressed
as (12), and the Bode diagram is shown in Fig. 12 [23]. The R
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regulator has infinite gain at its resonant frequency w,. Gener-
ally, w, should be accurately calculated via the grid phase-lock
loop, and the value of w, should feedback to the PR regulator
in real time. Besides, in order to reduce the sensitivity toward
slight deviation of grid frequency, a component with the cutoff
frequency of w. is inserted into the resonant part of the ideal PR
regulator [23], and this type of nonideal PR regulator is called
proportional quasi-resonant (PQR) regulator, which is usually
used in practice. The transfer function of the PQR regulator is
expressed as (13), and the Bode diagram is shown in Fig. 12.
Compared with the typical PR regulator, the PQR regulator has
a higher gain in the frequency band near the resonant frequency.
Therefore, even if there is a small deviation in grid frequency,
the controller’s gain at grid frequency remains a relatively large
value, and the controller can track the ac reference without error.
For the specific digital implementation of PR or PQR regulator,
please refer to the literature [24].

Grid voltage feedforward control law (14) is used to improve
the ability to suppress grid disturbance. This article uses constant
amplitude coordinate transformation so that the feedforward
coefficient equals 2/3

(14)

The parameters of the controller can be tuned as the following
recommendation. Assuming that the equivalent inductance of
phase winding of IM is L.y, the resistance is R, and the
switching cycle is T,. The needed bandwidth of the current
control loop is w,. (rad/s). Subsequently, K, can be set to w L,
and K, can be set to w.Rs. With the above parameters, the
open-loop transfer function of the current control loop is (15),
which takes the time delay (1.57) caused by discrete control
into account. Therefore, the phase margin of the system (in rad)
can be calculated by (16). Then, w. can be selected by (16)
according to the needed phase margin. On the other hand, w.;
of PQR regulator ranges from 1 to 10 rad/s generally [23]

—1.5T5s
weRss ) e (15)

Go = cLe
P(S) (w q+ 82+2Wc18+w3 Sch+Rs

PM = g ~ 1.5w.T. (16)

B. Improved Control for Single-Phase I0BC With PMSM
Drive

As analyzed in Section II-B, when PMSM drive is used, the
d-axis inductance will change with d-axis current. Therefore,
the d-axis voltage equation of single-phase IOBC with PMSM
drive can be expressed as (17), where u;4 is the d-axis voltage
of inverter and u 44 is the d-axis voltage of the grid.

Only considering the average inductance and the first-order
inductance variation, the d-axis inductance can be expressed as
(18) in which kj,_; is the proportion factor. According to the
analysis in Section II-B, kj_; is positive if [IPMSM drive is
used and is negative if surface-mounted PMSM drive is used.
Substituting (18) into (17) obtains (19) with which the d-axis
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current can be solved

dLg (iq) . . dig .
Gdld); v I P | Rig = wig — 1
( diy iq+ Lq (iq) 7 + Ryig = uig — ugg  (17)
Lg(iq) = Lao + kr—i - ia (18)
. dig .
(Lao + 2kr—; - iq) T + Rgiqg = Uig — Ugd- (19)

In steady-state, the d-axis current should equal the grid current
(I4sin(wgyt)). The voltage equation in the steady-state can be
deduced to (20). U, is the grid voltage, and the radial frequency
of the grid is w ;. The inverter should output second-order compo-
nent to counteract with the second-order harmonic generated by
inductance variation. Otherwise, second-order current harmon-
ics will be produced. Traditional PR controller can only track the
fundamental harmonic while cannot eliminate this second-order
harmonics. In grid standards, there are total harmonic distortion
(THD) requirements and restrictions on low-order harmonics.
Therefore, the traditional PR controller needs to be improved

wgLaoly cos (wgt) 4 2wekp i IZ sin (2wgyt)

+ Iy R sin (wgt) = Ujq — Uga. (20)

To solve the problem of the steady-state harmonic, a
proportional-double-resonant (P-DR) regulator is used in this
article. The transfer function of the P-DR regulator is expressed
in (21). There are two quasi-resonant regulators in the P-DR
regulator. The first quasi-resonant regulator has a resonant fre-
quency at grid frequency and is utilized to track the ac reference
without steady-state error. The second quasi-resonant regulator
has a resonant frequency at the double grid frequency and is
used to compensate for the second-order harmonics caused by
inductance variation

KT1S
Gp_ s) =K, +
P DR( ) P 52—|—2wc1s+(w9)2
K,os
+ 2 . Q1)
52 + 2weas + (2wy)
dgd ~ ~ ~

(LdO + 2kp_; - Id) E + Rgig = Uiq — Ugd- (22)

On the other hand, since IOBC is a single-phase system,
the controller is usually executed in the stationary coordinate
system. Therefore, the working point of the control plant is time-
varying. The instantaneous equivalent inductance determines
the instantaneous inertia of the control plant. Hence inductance
variation may cause an unstable problem or damage the dynamic
response performance of the control system. The small signal
model of the d-axis voltage equation is expressed as (22), where
14 is the d-axis current of the instantaneous working point.

The instantaneous inertia of the control plant will vary with
the instantaneous working point. When using the traditional
PR controller, the parameters of PR regulators are constant.
Fig. 13 shows the open-loop and closed-loop Bode diagram of
the system in two different working points, and the traditional
controller is used. It can be found that the phase margin of the
system will decrease a lot when the inductance decreases, which
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Fig. 13.  Bode diagrams with different equivalent inductances but with similar
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Fig. 14.  Current controller based on P-DR regulator and P parameter adaptive
algorithm for IMDCS with PMSM drive.

will destroy the control performance or even make the system
unstable.

This article proposes an adaptive proportional (P) parameter
algorithm to solve the problem of periodically decrease of
phase margin. The inertia of the plant will decrease when the
equivalent inductance gets smaller. Since the P parameter of
the regulator determines the transient speed of the controller, if
the P parameter is not changing with the instantaneous inertia
of the plant, the inertia of the whole control system will be
influenced by the time-varying inertia of the plant, then the con-
trol performance will be destroyed. However, if the P parameter
changes synchronously with system instantaneous inertia, the
control performance will be maintained in the whole working
range.

Generally, the P parameter is equal to cutoff angular frequency
multiplies equivalent inductance (w.Lcq). This article proposes
that the P parameter of the regulator in d-axis control path
changes with the instantaneous equivalent inductance L4(iy),
which can maintain the inertia of the whole control system, and
the control performance can be maintained. The control diagram
is shown in Fig. 14, where D-R represents the double-resonant
regulator. The curves of instantaneous equivalent inductance
Ly(ig) can be measured offline discretely, and the continuous
curve can be obtained by interpolation. The curves of Lg(iy)
will be used online.
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Fig. 15. Offline inductance measure method based on pulsated high-frequency
signal injection (BPF: bandpass filter; LPF: low-pass filter).

For regulator in the d-axis control loop (d-axis is aligned to
a-axis), the proportional regulator equals w.Lg4(i4), in which w,
is the needed bandwidth and is designed according to (16). The
sum of K,y and Ko equals w Ry, the ratio of K1 and K5 deter-
mines whether better fundamental harmonic tracking capability
or better second-harmonic eliminating capability. Generally, the
ratio of K1 and K, can be set to 3/2. As for w.; and w,1,
empirical value (1-10 rad/s) can be chosen. For the regulator
in the g-axis (f-axis) control loop, the proportional parameter
equals w.L,, and other parameters can be the same as that of the
d-axis regulator.

Finally, the recommended offline measuring method is illus-
trated in Fig. 15. A pulsed high-frequency signal injection is
used. BPF is a bandpass filter to extract the injected frequency
component of current. The amplitude of the injected frequency
component of the d-axis current is calculated by multiplying
with 2sin(wyf) and filtering the high-frequency components. 6,
in Fig. 15 is equal to zero.

C. Improved Control for Single-Phase IOBC With MPM Drive

In this article, only odd phase number MPM is discussed
for avoiding confusion. But the proposed controller has the
versatility and can be easily promoted to even phase number
MPM.

The decoupling transformation matrix is usually used in the
multiphase system [18]. The actual currents and the references
are all transformed into flux/torque subplane, nonflux/torque
subplane, and zero-axis. The inductance variation should be
considered in the flux/torque subplane if a multiphase PMSM
drive is used. Since there is no neutral point in MPM, the
zero-axis control loop can be omitted

T5s/5s =
cos(a)  cos(2a)  cos (3a) cos (4a) cos (ba)
—sin () —sin(2a) —sin(3a) —sin (4a) —sin (5a)
—| cos(3a) cos(6cr)  cos(9a) cos (12a) cos (15a)
—sin (3a) —sin (6a) —sin (9a) —sin (12a) —sin (15a)
1/2 1/2 1/2 1/2 1/2
(23)

As an example, the current controller of single-phase IOBC
with five-phase motor drive is designed. Fig. 16 shows the
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Graphical method for finding the optimal Vp.

control diagram. Five-phase decoupling transformation matrix
T54/55 1s expressed in (23), where o = 27/5. The references are
given according to the needed operating modes, which have been
described in Section III-A. For instance, if the first operating
mode is selected, ioef = i3ref = laref = Isref = —0.25 i1ref; if the
second operating mode is selected, iopef = isret = —0.80901 ref,
and igref = igref = 0.30971,0f. Meanwhile, the regulators in
the flux/torque subplane are also determined by the operating
modes. P-DR and adaptive proportional parameter algorithm
should be used if the first mode is chosen, whereas the P-QR
regulator can be used if working in the second mode. The
methods of tuning the control parameters have been discussed
in Sections IV-A and IV-B.

On the other hand, zero-axis voltage V; should be designed
optimally to prevent the inverter from overmodulation. Accord-
ing to (8), optimal Vjy can minimize the maximum in {u; o, us o,

., Uno}. Hence, the choice of Vi should satisfy (24). Fig. 17
shows the graphical representation for selecting the optimal Vj.
It is evident that when Vjy = (2 — n) * u,/(2n), the maximum in
{ui0,us0, ..., uyo} has a minimum

1
(24

Vo = argmin <max{‘n ug + Vo

1
\%
7‘nug+ 0

For instance, when using a five-phase motor drive, Vy should
equal minus 0.3u,. Subsequently, the peak of upo (k=1,2,...,
5) will be twice u4/2 in steady-state. The inverter can work in the
linear modulation region even if the dc voltage equals 340 V. As
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Fig. 18.  Experimental platform.
TABLE IV
PARAMETERS OF GRID AND INVERTER

Symbol Parameters Value

ug Grid voltage in RMS value 220V

fe Grid frequency 50 Hz

Uac DC-link voltage of inverter 400 V

Jw Switching frequency of inverter 20 kHz

Vces Collector-emitter voltage of IGBT 1200 V

Icmom Rated collector current of IGBT 100 A

TABLE V
PARAMETERS OF THE TESTED PMSM

Symbol Parameters Value
La d-axis main inductance of PMSM 10.3 mH
L, g-axis main inductance of PMSM 10.7 mH
Ry Resistance of windings of PMSM 0.1Q
P. Rated power of PMSM 52 kW
np Pole pairs of PMSM 3
Mipm Rated speed of IM 2000 rpm
1. Rated current 11.14 A

a comparison, if Vg equals zero, the peak of u; o equals 4u,/5 in
steady state. Thus, the inverter will get into the overmodulation
region when the grid voltage is 220 Vrms, and the dc voltage is
340 V.

V. EXPERIMENTAL RESULTS

Experimental tests were performed in a 2-kW test rig, and
Fig. 18 shows the experimental platform. The instantaneous
motor torque was measured during charging/discharging. The
grid simulator outputs a 220 Vrms/50 Hz ac voltage. The dc-link
voltage of the three-phase voltage source converter was 400 V.
The switching frequency was 20 kHz. The IGBT module used
in tests is Infineon FS100R12KE2. Due to the dc supply cannot
feedback the power while the grid simulator can feedback the
power, the following tests are all in discharging mode. In fact,
charging and discharging processes are the same except for the
direction of power transfer.

The parameters of the grid and inverter are summarized in Ta-
ble IV, and the parameters of PMSM and MPM are summarized
in Tables V and VI, respectively.
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TABLE VI
PARAMETERS OF THE FIVE-PHASE IM

Symbol Parameters Value
Ly Main inductance of MPM 203.3 mH
Ly Leakage inductance of MPM rotor 7.6 mH
Lis Leakage inductance of IM stator 14.8 mH
Ry Resistance of MPM stator 1.1Q
R, Resistance of MPM rotor 09Q
Ripm Rated speed of MPM 1500 rpm
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Fig. 19. (a) Inductance variation of single-phase IOBC with PMSM drive.
(b) d-axis inductance curve.

A. Results of Single-Phase IOBC With PMSM Drive

As discussed in Section II-B, for single-phase IOBC with
PMSM, the equivalent inductance will vary with d-axis current.
Fig. 19(a) shows the currents waveform under conditions that the
dc offset of d-axis current equals 6 or —6 A. A 500-Hz harmonic
was injected into d-axis output voltages. It can be found that
the equivalent impedance with 6 A dc offset is less than the
equivalent impedance with —6 A dc offset. On the other hand,
the results of the offline d-axis inductance measuring test are
shown in Fig. 19(b).

The steady-state and transient procedure of single-phase
IOBC with PMSM drive were tested. The bandwidth of the
current controller was 500 Hz. Fig. 20(a) shows the waveforms
in the starting procedure if using the traditional controller.
Fig. 20(b) shows the waveforms if using the improved controller.
It can be seen that the start process becomes faster if using the
improved controller. Moreover, the overshoot is also less than the
traditional controller, which means that the improved controller
has better dynamic response performance.
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Fig. 20.  Waveforms of single-phase IOBC with PMSM drive in the starting
procedure (a) using traditional controller and (b) using the improved controller.
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Fig. 21.  (a) Waveforms in a steady state with PR regulator. (b) Waveforms in
a steady state with P-DR regulator.

Fig. 21(a) shows the current waveforms in steady state with
typical PR control strategy, and the fast Fourier transform anal-
ysis result of i, is attached to the lower right corner. It can be
seen that double main frequency harmonic, which is caused by
inductance variation exists when using the PR controller. The
amplitude of second-order current harmonicis 0.8 A and is 5% of
the fundamental harmonic, whereas if using the proposed P-DR
current controller, the second-order current harmonics can be
eliminated, as shown in Fig. 21(b). Due to the tested PMSM has
relatively large inductance, and the switching frequency of the
inverter is set to 20 kHz, the current THD of both controllers are
very low. In the actual grid converter, current THD should be
lower than 5% according to grid standards. This article mainly
considers the second-order harmonic suppression, and the meth-
ods to regulate the current THD can refer to other literature.
Fig. 21 also shows that the torque is almost zero during charging.
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Fig. 22.  Waveforms in transient process (a) without P parameter adaptive
strategy and (b) with P parameter adaptive strategy.
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Fig. 23.  Small signal tests (a) without P parameter adaptive strategy and (b)
with P parameter adaptive strategy.

The small alternating torque is due to positioning errors. But it
only causes very little noise.

Fig. 22(a) shows the results of the transient test of the con-
troller without the P parameter adaptive strategy. It can be found
that the currents have overshoot when the d-axis current is
positive amplitude, whereas no overshoot if the d-axis current is
negative amplitude, which means that the phase margin will be
decreased when the d-axis current is positive. Fig. 22(b) shows
the control performance of the proposed controller. It can be
found that the overshoot is eliminating.

Furthermore, small-signal tests were carried out to prove that
the proposed controller can maintain the stability margin of the
system. In the small-signal test, the dc reference was set at 6 or
—6 A, whereas the ac reference was set at 1.414 A/500 Hz. As
shown by Fig. 23(a), if there is no adaptive parameter strategy,
the closed-loop gain of the controller will be larger than one
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Fig.24.  Starting procedure of single-phase IOBC with MPM drive. (a) Wave-

forms of the first mode (io = i3 = iy = i5 = —0.25i1). (b) Waveforms of the
second mode (i = i5 = —0.809i1, i3 = iy = 0.309i1).

when dc offset equals 6 A. And the closed-loop gain is 0.707
when dc offset equals -6 A. According to the mathematical
relationship between open-loop transfer function and closed-
loop transfer function, it can be extrapolated that the phase
margin decreases about 30°. However, if using the proposed
P parameter adaptive strategy, the phase margin can maintain
constant, Fig. 23(b) proves the above conclusion.

B. Results of Single-Phase IOBC With MPM Drive

Tests for single-phase IOBC with MPM drive were also
carried out. The parameters of the five-phase IM are shown
in Table VI. Fig. 24(a) shows the waveforms in the starting
procedure, and the MPM worked in the first mode. Fig. 24(b)
shows the starting procedure of the second mode. It can be seen
that the controllers have excellent transient performance.

Fig. 25 shows the waveforms in the steady state, and the
current components in the flux/torque plane were calculated.
It can be found that there is no excitation in the flux/torque
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Fig. 25. Steady state of single-phase IOBC with MPM drive. (a) Waveforms
of the second mode. (b) Waveforms of the first mode.
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Fig. 26.  Effect of zero-sequence voltage on single-phase IOBC with five-
phase motor drive. (a) Zero-sequence voltage is equal to zero. (b) Zero-sequence
voltage is equal to —0.3u,.

producing plane if MPM works in the second mode (i1 =
ig1 = 0). Fig. 25(b) shows the waveforms of the system working
in the first mode (i; = i3 = iy = i5 = —0.25i1). There is MMF
generated in the a-axis of flux/torque producing plane.
Furthermore, the effect of the zero-sequence voltage has also
been experimentally explored. Fig. 26 shows the experimental
waveforms. The five-phase motor worked in the first mode, and
the grid current was equal to 5 A. The required output voltage of
the grid-tied leg of the inverter (; o) was exported from DSP by
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a digital-to-analog converter. It can be seen that the inverter gets
into the overmodulation region if Vy = 0, and the currents have
serious distortion. However, when a suitable Vj, is injected, the
inverter will be linear modulated, and the currents are sinusoidal.

The above test results indicate that the proposed operation
and control strategies for single-phase IOBC are effective. High
quality, high integration, and zero-torque charging process can
be achieved.

VI. CONCLUSION

This article has made detailed research works about the op-
eration principle and control of the single-phase IOBC system.
Four major conclusions can be summarized in this article as
follows.

1) There is inductance variation in single-phase IOBC incor-
porating with PMSM drive. This inductance variation is
caused by periodical saturation of the magnetic material
of PMSM. The inductance variation will result in second-
order current harmonic and periodical descent of system
phase margin.

2) Two operating modes can be selected for single-phase
IOBC incorporating with MPM drive. The first mode min-
imizes the power losses, and the second mode eliminates
the torque.

3) There is an optimal zero-axis voltage for single-phase
IOBC incorporating with MPM drive to maximum the
dc voltage utilization. By injecting this optimal zero-axis
voltage, the inverter can work in the linear modulation
region.

4) The proposed P-DR regulator and P parameter adaptive
control scheme can eliminate the second-order current
harmonics and maintain the instantaneous phase margin
of the system.

The proposed operation and control strategies have been
validated using experimental tests. It shows that the proposed
methods can significantly improve the power quality, efficiency
and control performance of single-phase IOBC. The proposed
control and operation strategies could be used in actual industrial
products.
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