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A Multienergy Interface Electric-Drive-
Reconstructed Onboard Charger for EVs
With Integrated Control Strategy

Feng Yu', Member, IEEE, Qihao Yin

Abstract—In this article, an innovative multienergy interface
electric-drive-reconstructed onboard charger (MEI-EDROC) and
its derivative integrated control strategy (ICS) are proposed for
a solar-powered electric vehicle that is equipped with a six-phase
machine drive. The proposed MEI-EDROC is capable of dc charg-
ing, single-phase charging, in-motion charging, and normal driving
with applications for single-phase ac grid, dc grid, and photovoltaic
energy input interfaces. In particular, all the operation modes
are implemented by the ICS extended from the vector control of
the six-phase permanent-magnet synchronous machine. First, the
topology and operation modes of the proposed MEI-EDROC are
discussed. Then, operation principles for all work scenarios are
studied in detail, and the concept of integrated control is proposed.
Thereafter, based on the vector control strategy, the ICS is designed.
Finally, a 2-kW experimental test rig is built, and the obtained
results verify the steady-state and dynamic performances, as well
as the mode switching operation.

Index Terms—Electric-drive-reconstructed onboard charger
(EDROC), integrated control strategy (ICS), multienergy interface,
six-phase machine drive, solar-powered electric vehicle (SPEV).

I. INTRODUCTION

ITH the ever-increasing concern for environmental
W problems, electric vehicles (EVs) have recently attracted
a great deal of attention for transportation, and many advances
have been made in EVs. However, the unsatisfactory mileage
range and the inconvenience of charging are still the main
obstacles to further popularizing EVs, at the present status
of the limited battery energy density and the relatively low
geographical density of high-power fast EVs charging station
(piles) [1].
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As a tradeoff between cost, weight, volume, and charging
power, the onboard charger (OBC) has been employed as a sup-
plement over the charging station (pile) [1]. In particular, due to
the lower cost, higher power level, and almost negligible increase
in volume and weight compared with the additionally mounted
OBC, electric-drive-reconstructed onboard charger (EDROC)
has been studied in many aspects during the last few decades,
including topologies, torque elimination, and performance im-
provement [2], [3], [4].

A single-phase EDROC topology based on a three-phase
drive system was initially proposed in 1985 [5]. After that,
single-phase, three-phase, and dc EDROC topologies in con-
junction with different three-phase machines such as induction
machine, permanent-magnet synchronous machine (PMSM),
and switched reluctance machine, are studied one after another
[6], [7]. Moreover, the multiphase machine is a promising candi-
date for EV applications owing to the smooth torque production,
extra control degrees of freedom, and the inherent fault-tolerant
capability [8], [9]. Hence, a great deal of single-phase and
three-phase EDROC topologies based on five-phase, six-phase,
and nine-phase machines are reported successively [10], [11],
[12]. In addition, EVs must remain strictly stationary during
charging so that the electromagnetic torque production should
be analyzed in charging states. In [13] and [14], on the basis of the
magnetic coenergy, the relationship between the machine rotor
position and the charging electromagnetic torque is studied in
detail for single-phase and three-phase EDROCS, respectively.
In [15], a torque-free EDROC unified criterion is introduced to
improve the generality of the EDROC. Furthermore, an addi-
tional high-frequency inductor is installed between the neutral
point of the three-phase machine windings and the battery in
[16], which effectively reduces the ripple of machine winding
current, and hence, mitigates the machine vibration and the
resulting noise. Besides, a method for reducing machine iron
and semiconductor losses is discussed in [17], while a detailed
efficiency calculation method is introduced and certified by
experiments. Moreover, in [18], for the sake of ensuring nor-
mal operations in faulty cases, the postfault charging opera-
tion of an EDROC integrated by a nine-phase drive is studied
exhaustively.

Apart from the aforementioned EDROCs powered by single-
phase, three phase and dc grids, the one supplied by vehicle-roof
photovoltaic panels (VRPPs) has drawn tremendous research
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Fig. 1. Proposed topology of the MEI-EDROC.

interest for solar-powered EVs (SPEVs), which are more en-
vironmentally friendly and mileage-range-enhanced [19], [20].
As an example, the SPEV called “Lightyear One” designed by
Lightyear company can averagely extend 12 km of range in one
hour by the energy generated from its VRPPs [21], without any
cost. Combined with this type of EVs, a dc EDROC is proposed
in [22], where the battery pack can be charged by the VRPPs
during driving, further extending the mileage range. However, a
half H-bridge power module needs to be added. To address this
drawback, an EDROC based on a six-phase drive is studied in
[23], where the output power of VRPPs can be adjusted by the
01 -axis current, without hardware added.

Notwithstanding that the aforementioned EDROCs cleverly
avoid the demerits of the traditional EV chargers, and some
among them can enlarge the EV mileage range to a certain extent,
there are still two improving points for the recent EDROCs.
First, in order for maximum facilitation of charging, EDROCs
should have both dc and ac charging capabilities, while the recent
EDROCs only take one of them. In particular, the in-motion
charging (charging and driving simultaneously) function should
be equipped for SPEVs, to enhance the utilization of VRPPs. Al-
though the topology proposed in [24] provides the dc charging,
ac charging, and in-motion charging functions, the machine will
tremble in the ac charging mode and the circuit structure has to be
frequently modified according to the load in the in-motion charg-
ing mode. Then, the control strategies for driving and charging
are usually designed separately, thus increasing the design cost
and control complexity. Besides, in regard to EDROCs in [22]
and [23], the working control strategy inevitably alters between
the in-motion charging and the dc charging modes because
of the frequently switched going-stopping states of SPEVs.
Essentially, battery charging is implemented by regulating the
0-axis current in the topologies proposed in [15], [16], [22], and
[23], which implies the possibility of integrating the charging
and the driving control strategies together.

In this article, an innovative multienergy interface EDROC
(MEI-EDROC) and the derivative integrated control strategy
(ICS) are proposed for the SPEV equipped with a six-phase
drive, as shown in Fig. 1. The topology artfully takes the func-
tions of dc charging, single-phase charging, in-motion charging,
and normal driving. In terms of the studied MEI-EDROC, three
main merits are indicated as follows.

1) Only three mode switches and three voltage sensors are
extra mounted, compared to a standard six-phase drive
system, and the VRPPs are integrated into the system
without an additional dc/dc converter. Thus, the whole
structure has no change for all operation modes, indicating
that the charger is cheaper, smaller, and more reliable.

2) The MEI-EDROC can be supplied by a single-phase ac
grid, emerging dc grid, and VRPPs, leading to a higher
convenience for EV charging.

3) In view of the control perspective, the ICS is simpler and
more reliable than the control strategies dedicated to the
existing EDROCs.

The rest of this article is organized as follows. First, the
operation modes of the studied MEI-EDROC are discussed in
Section II. Second, operating principles for all work scenarios
are studied exhaustively. After that, the concept of integrated
control is proposed in Section III. Third, the ICS is designed
in Section IV. Then, to verify the steady state and dynamic
behavior of the proposed MEI-EDROC system under different
operation scenarios, a 2-kW experimental test rig based on tests
has been conducted in Section V. Finally, Section VI concludes
this article.

II. TOPOLOGY AND OPERATION MODES ANALYSIS

A. Topology and Operating Modes

The studied MEI-EDROC is composed of a six-phase PMSM
with two available neutral points, a battery, a six-phase two-level
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inverter, a set of VRPPs, a digital control system, three extra
mode switches (51, S2, S3), and three extra voltage sensors
(measuring Vac, Vpc, and Vpp), as shown in Fig. 1. The
system can access to three energy input interfaces: single-phase
ac grid, dc grid, and VRPPs. According to the EV operation
state, the corresponding input energy interface is connected by
controlling mode switches S7, S>, and S3, and six working states
are supported, as illustrated in Fig. 2. In addition, the flow
chart for mode switching and operating modes of the system is
presented in Fig. 3, for the sake of a clear presentation. First, it is
mandatory to identify the EV operation state, either in driving or
idle state. Subsequently, the VRPPs output voltage Vpp (when
EV isindriving state) or the voltage rms value of the single-phase
ac grid interface V¢, (when EV is in idle state) is determined.
Finally, the corresponding mode switch is closed and the system
runs in the relevant mode.

In the case of the driving state, if Vpp is bigger than its set
threshold voltage Vppr, the mode switch S; will be closed
and the system will operate in the in-motion charging mode;
otherwise, all mode switches are opened and the normal driving
mode is active. During the idle state, while Vi, is larger over
its set threshold voltage Vac,r, the mode switch S35 will be in
ON and the single-phase ac charging mode will be employed.
Moreover, the system would run in the dc charging mode in two
switching states. For one state, the mode switch S; is closed,
and the VRPPs are connected to the system when Vpp > Vppr.
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On the other state, the mode switch S5 is closed when the V¢
is larger over its set threshold voltage Vpcr and the dc grid is
employed. Here, threshold voltages VacrT, Vpor, and Vppr
are only used to distinguish whether the single-phase grid and
the dc grid are connected and whether the output power of
VRPPs is large enough. Besides, it should be mentioned that the
three-phase ac charging is not designed since the three-phase ac
grid is generally used in industry and uncommon in residential
and other public places.

B. Operation Mode Analysis

In this section, the four modes of operation shown in Fig. 3

are analyzed in detail, as follows.

1) Normal driving mode: In this mode, all energy input
interfaces are disabled. The system operates in state 1
(see Fig. 2(a)) where the six-phase inverter is employed to
drive the six-phase PMSM and all energy is supplied by
the battery.

2) In-motion charging mode: In the in-motion charging
mode, the VRPPs are connected between the machine
natural points and the battery negative electrode. The
six-phase inverter serves as both the driver of the ma-
chine and the regulator of maximum power point tracking
(MPPT) operation for the VRPPs. In addition, the current
outputted from VRPPs is evenly injected into the six ma-
chine windings to generate zero electromagnetic torque.
Furthermore, the battery can be used as either a source
or a load, which is contingent on the power generation
of VRPPs. Considering the weather variation, the voltage
and current changes of the VRPPs are dynamic during the
in-motion charging mode. Therefore, according to the EV
working conditions, the system can run on either state
2 (see Fig. 2(b), the battery is a load) under abundant
illumination conditions or state 3 (see Fig. 2(c), the battery
is a source) under insufficient illumination conditions.
Furthermore, the power generated by the VRPPs is re-
sponsible not only for driving but for charging the battery
as well.

3) DC charging mode: Regarding this mode, the mode switch
S or Sy is closed, either state 4 for connecting VRPPs or
state 5 for connecting the dc grid is employed as presented
in Fig. 2(d) or (e). The six-phase inverter, in conjunction
with the six-phase PMSM, is utilized as a Boost converter
to regulate the VRPPs voltage (considering the MPPT
operation) or the dc grid voltage to the charging level.
The simplified system circuit in this mode is shown in
Fig. 4(a), where X&{A, B, C, U, V, W} and the dc source
can be either the dc grid or the VRPPs.

4) Single-phase charging mode: In this mode, the system
operates in state 6 and the single-phase grid is connected
between the two natural points. The six-phase drive is
reconstructed as a triple-parallel single-phase H-bridge
rectifier and its simplified system circuit can be depicted
as Fig. 4(b), where YE{A, B, C} and Z&€{U, V, W}. The
single-phase grid voltage is rectified and adjusted by the
H-bridge rectifier to charge the battery.
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III. OPERATION PRINCIPLE

For the proposed MEI-EDROC, the system equivalent circuit
is shown in Fig. 5, where Ix (X€{A, B, C, U, V, W}) is the
X-phase phase current. The phase current can be decoupled into
four components (I3 — —I% ) by the decoupling matrix T; and
the Park transformation T,,x. The currents with superscript “1,”
“2,)” %3, and “4” are mapped into d—g subspace, x—y subspace,
0;-axis, and 0;-axis, respectively, as shown in Fig. 6; and Ry
and Ry are the equivalent impedances of circuit line.
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Fig. 7. Equivalent circuits for the MEI-EDROC. (a) Equivalent circuits in the
d—q subspace. (b) Equivalent circuits in the x—y subspace. (c) 01- and Oz-axes
equivalent circuits in normal driving state. (d) 01 - and O2-axes equivalent circuits
in in-motion charging state or DC charging state. (¢) 01 - and 02-axes equivalent
circuits in single-phase charging state.
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where 6, signifies the electrical angular.

A. Operation Principle of Normal Driving Mode

In the normal driving mode, the two neutral points of the
six-phase PMSM are separated from each other and no source
is connected between point O and the negative of the battery.

Hence, the values of equivalent impedances Ry and Ry are
infinite. The equivalent circuit model after vector space decou-
pling and Park transformations can be drawn as in Fig. 7(a)—(c),
and corresponding voltages can be presented as

Vil (1] [La 0] d [I L,
_VJ = [Iq] - {0 LQ] dt [Iq] e {Ldfd‘wa
3
[V, I d |I
| _ T Ldi T 4
Vi) =n ) e |1 @
-‘/01 . R+ RV1 0 IOl
Vo2| 0 R+ Rv1/24 Rva| [lo2
L —
Tl L()J ©)

where subscript “n” (n€{d, ¢, x, y, 01, 02}) signifies that the
variable is on the n-axis; Ly, Ly, and L, are the d-axis, the
g-axis, and the stator leakage inductances, respectively; R is
the stator resistance; w,. is the electrical angular speed; and
1 is the permanent-magnet flux. With the decoupled machine
model, the electromagnetic torque can be calculated as

T. = 3pan (Id (Ld — Lq) + wf) (6)



4054

Fig. 8.  Traditional control method for the six-phase PMSM drive.
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where p,, is the number of pole pairs. Thus, the output torque
of the six-phase PMSM can be adjusted by controlling d—g
subspace currents, which means that the speed can be regulated
through d—g subspace currents. In other words, the six-phase
PMSM drive is usually achieved by means of a speed controller,
the d—¢g subspace current controller and the x—y subspace current
controller, as shown in Fig. 8. Moreover, due to the infinite R 1
and Ry, it has Iy; = 0 and Iy = 0. It is unnecessary to adjust
Iy1 and Iy5 in this mode.

B. Operation Principle of the in-Motion Charging Mode

When the VRPPs are connected between the neutral points
and the battery negative point, Ry = 0 and Ry~ is replaced by
a dc source. In this scenario, the d—q subspace and x—y subspace
equivalent circuits are unaltered, whereas the 0;- and 0y-axes
equivalent circuits change from Fig. 7(c) to (d). The 0;- and
02-axes voltages can be expressed as

Vo Io d |lo 0
|:V02:| =1 {102} + Lo dt {102] + [VPP:| ' ™

The variables of the d—¢g subspace, the x—y subspace, the
0;-axis, and the 0q-axis are decoupled mutually and can be
controlled independently. On the basis of decoupling, the output
power of VRPPs can be regulated by the 02-axis current to realize
the MPPT purpose. The driving performance of the system can
be regulated by controlling the d—¢q subspace currents, which
are unrelated to the 0s-axis current control. Besides, the output
current of the VRPPs is equal to minus six times of the 0;-axis
current in this mode.

Without loss of generality, it is reasonable to only analyze
one of the six phases (e.g., X€{A, B, C, U, V, W}), as described
in Fig. 9, where the stator resistance R is omitted. The battery
can be equivalent to a resistor (R) connected with a voltage
source (Vo) in series. Ry, is equivalent to the internal resistance
of the battery and Vo is the same as the battery open-circuit
voltage associated with the battery state of charge [25]. Thus,
the following equation can be obtained:

Voc — Ryl = V. ®)

This equation indicates that the charge and discharge of the
battery can be controlled by regulating V,,. The CC is I’} current
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loop component constructed by other phases of the six-phase
drive system. I is the d—q subspace part of Iy current, and % is
the 05-axis part of the I x current in Fig. 9. Besides, x—y subspace
and 01 -axis currents are set to 0, which means I3 = I% = Oand
they are not considered in the steady state. Thus, the change of
Ix in one switch period related to the electrical angular 6, can
be expressed as

t
Alx = L (Vb Vep —ex) + Li(_VPP —ex)
X X
=y L (g ey ©9)
=1 (e tex

where ey is the electromotive force generated by rotor perma-
nent magnets in the X-phase winding; Lx is the X-phase winding
equivalent inductance; T’y = t1 +1- is the switching period; #; and
to are the turn-ON and turn-OFF time of S x, respectively. It is
worth highlighting that the current /% has no contribution to e x
as the magnetic field produced by the 0s-axis current is zero.
Thus, #; remains unaffected when the value of I §( is increased
or decreased by a constant amount. Furthermore, according to
(9), a proportional change of #; will appear when Vpp changes,
regardless of .. The battery current [}, can be calculated as

PnWm t0+p” wm
I, = —
to

ty
—Ixdt
2 X

T

t0+17n2+m t0+PnL~'m t
:p"“’m/ Ildt+ ”W"’/ 1I4dt
27 Jy, 2 i
(10)

where 7, is the start time of integration, and w,, is the mechanical
angular velocity. According to (10), if I;l( reduces, i.e., VRPPs
output current increases, and I, will drop. In addition, while Vpp
rises, a constant value A¢; will be superimposed on #1. As the [ )1(
is sinusoidal in steady state, At; has no effect on the first item
of I,. However, the second item of I, will be smaller, since EL( is
less than zero. In conclusion, if VRPPs output current or voltage
increases (or VRPPs output power increases), V3 will increase,
and thus, the battery output current will drop. The control method
for the in-motion charging mode is presented in Fig. 10.
Compared with the machine drive control method, charging
control and MPPT control are added to achieve the purposes of
battery-safe charging and the maximum power output of VRPPs,
respectively. Furthermore, two extra control loops are arranged
to regulate the 0; - and Oz-axes currents. It is pertinent to mention
that the 0,-axis current control is responsible for the MPPT
operation of the VRPPs, as such, the dedicated dc—dc converter
between the VRPPs and the battery is eliminated. Consequently,
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the designing cost of the system software and hardware can be
decreased.

C. Operation Principle of the DC Charging Mode

In the dc charging mode, the 0;- and 0O-axes equivalent
circuits are the same as in the in-motion charging mode. The
system has two states: state 4 (the VRPPs are connected) and
state 5 (the dc grid is connected), and in this case, Ry1 = 0
and Ry» is replaced by a dc source. Currently, the six-phase
drive system is simplified as a Boost converter, utilizing charging
control and current control methods, as presented in Table I. The
PI controller is employed to regulate all winding currents to the
same value. However, the proposed control method generates
zero electromagnetic torque in the motor by controlling the d—g
and x—y subspace currents while controlling 02-axis current to
regulate the charging power of the battery, the equivalent circuit
model can be shown in Fig. 7(d). Essentially, 05-axis current is
adjusted to charge the battery (and achieve MPPT when VRPPs
are used). Consequently, it is feasible that d—q, x—y, 01 -axis, and
02-axis current controls are applied to implement dc charging
as shown in Table I.

D. Operation Principle of Single-Phase Charging Mode

Different from the dc charging mode, the single-phase grid
is connected between the neutral points of the machine in this
mode. Ry can be replaced by a single-phase source and Ry
is infinite. Thus, the 0;- and 0s-axes equivalent circuits can be
redrawn, as shown in Fig. 7(e) and the 0;- and 02-axes voltage
can be expressed as

Vo1 R 0 Io: d [In Vaac
= L,—
il = 0 nmal (] 2o (] + 5]

Y
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As shown in Table I, the six-phase drive system is traditionally
controlled as a triple parallel H-bridge rectifier. However, the
output current of the single-phase grid can be adjusted by the
0;-axis current loop. At the same time, d—g and x—y subspace
current loops are employed to balance phase winding currents
and keep EV stationary.

E. Integrated Control for the EDROC

According to the control method described in previous sec-
tions, the other three operation modes of the proposed MEI-
EDROC can be carried out by extending the control of normal
driving, as shown in Fig. 11. Considering the multicontrol
degrees of freedom in multiphase drives, the charging volt-
age/current control can be converted into zero-sequence sub-
space current control. Hence, the integrated control concept is
originally proposed and is implemented as follows.

First, d—q subspace current control loops are applied to regu-
late the machine speed. Meanwhile, they are also used to make
the phase currents equal during the idle state of EVs. Second,
x—y subspace current control loops are adopted to improve drive
performance in both the normal driving mode and the in-motion
charging mode. Besides, these two control loops contribute
to balancing phase winding currents. Third, although 0,- and
02-axes current control loops have no effect in the normal driving
mode, the 0;-axis current control loop is employed to regulate
the charging current and realize power factor correction in the
single-phase charging mode (the grid current is equal to minus
three times 0y -axis current). In addition, 0,-axis current loop is
responsible for the MPPT operation of VRPPs and adjusts the
charging current in the in-motion mode and the dc charging mode
(the output current VRPPs is equal to minus six times O»-axis
current). Finally, the d—¢, x—y, 0;-axis, and 02-axis currents of
the proposed MEI-EDROC are adjusted according to the given
values in different modes, ultimately achieving control over
various operating modes.

IV. CONTROLLER DESIGN

The proposed ICS shared for all operating modes is depicted
in Fig. 12. The control diagram is mainly structured of seven
components, namely decoupling transformation, speed control,
reference values of 0;- and 0s-axes currents calculation, mode
selection, machine currents control, inverse decoupling trans-
formation, and pulsewidth modulation (PWM) generation. The
ICS is implemented with the following steps.
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First, the collected machine phase currents are decoupled
from the ABC-UVW stationary coordinate to the d—¢q
subspace, x—y subspace, 0;-axis, and 0s-axis by decou-
pling matrix T; and the Park transformation matrix T,k
(decoupling transformation).

Speed control is carried out by a PI controller to track the
desired speed n* in the normal driving and the in-motion
charging modes while maintaining EV stationary in the dc
charging and the single-phase charging modes (n* = 0).
Additionally, the g-axis current reference I is given by
this PI controller and O is assigned to d-, x-, and y-axes
current reference values.

The reference values of 01 - and 05-axis currents are calcu-
lated in cases of dc grid, single-phase grid, VRPPs, and no
source (i.e., without using grid or VRPPs) are connected,
respectively, and those will be discussed in detail in the
following part (see Section IV-A).

The operating modes of the MEI-EDROC are imple-
mented by mode selection and the corresponding mode
switch is closed. Meanwhile, the current reference values
of the 0;- and Os-axes for the relevant mode are em-
ployed, which will be discussed in the following part (see
Section IV-B).

Then, the machine currents are regulated by five PI con-
trollers and a proportional-integral-resonance (PIR) con-
troller [3]. Here, the PIR controller is utilized to adjust
the 01 -axis current due to its sinusoidal reference value in
the single-phase charging mode, which cannot be handled
well by the bandwidth-limited PI controller.

Vi, Vg Vi, Vi, Vo1, and Voo are converted to ABC-UVW
stationary coordinates by inverse decoupling transforma-
tion.

Finally, the gate signals are produced by the PWM tech-
nique to fire the switches of the inverter, which will be
analyzed in detail in the following part (see Section I'V-C).

A. Calculation of 0,— and 02—Axis Reference Currents

According to the connection of neutral points of machine, the
calculation of 0; - and 05-axes reference currents can be divided
into four cases.
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1)

2)

3)

4)

Both 0; - and 03-axes reference currents (I}, ; and I}, ;)
are equal to 0 when no source is connected to machine
neutral points.

During the dc grid connection, the 0;-axis reference cur-
rent (I}, 1) is set to 0 and the Oz-axis (I}, o) is obtained
by the charging controller, which is executed by two PI
controllers connected in series. The first PI controller is
employed to track the desired charging current I; and
generate the reference value of charging voltage, and the
second one is used to regulate charging voltage V; and
produce 0»-axis current reference.

If the VRPPs are connected, in addition to charging con-
trol, the MPPT of VRPPs is implemented by an adaptive
perturb and observe (P&O) MPPT control [26]. In this
scenario, the 01 -axis reference current (I, ;) is still 0 and
the minimum of charging control and MPPT output values
(I35 o and Ip) is chosen as the 0z-axis current reference
)

While the MEI-EDROC is fed by the single-phase grid,
power factor correction (PFC) is applied to ensure unity
power factor operation on the grid side. At first, the single-
phase voltage position 6 is found by a phase-locked loop
(PLL) based on the second-order generalized integrator
(SOGI) [11]. Then, the product of the charging control
output value (I3, 5) and sine of 6 is used as the 0;-axis
reference current (I, ,). Different from last the two cases,
the 0,-axis current reference is O in this situation.

B. Mode Selection

Mode selection is designed according to the values of Vpc,
Vpp, and V¢, and there are four modes.

1)

2)
3)

4)

When all of Vpc, Vpp, and the rms value of Vg are
smaller than their thresholds Vpcor, Vepr, and VaceT,
mode =1 (I5; =14 ;=0and I, =I;, ; =0) and
no mode switch is closed. -

If the Vpc is larger than Vpcr, mode = 2(1; = I},
=0 and I}, = I}, 5) and S is in ON. B
When only Vpp is_greater than Vppr, mode = 3([; =
I3, 1 = 0and I, = Ij, 3) and Sy is in ON.

If the rms value of Vac is larger than Vac,yT, mode =
4(1y, = I, 5 and Iy = I, 1 = 0) and S3 is in ON.

C. Synchronous and 120° Interleaving PWM Schemes

In order to generate the gate signals of the inverter, syn-
chronous and 120° interleaving PWM schemes are applied,
respectively, for different control objectives. In the synchronous
PWM modulation, all the six modulating waves V; ~ V;, share
a common carrier wave and the six driving signals can be simul-
taneously of high level or low level. According to the definition
of the common-mode voltages on the 0;-axis and 0q-axis [27],
as indicated in (12), the 0;-axis common-mode voltage (V1)
is zero when the driving signals are either all high or low. In
other cases, Vj; alters between —1/2V}, and 1/2V},. Therefore, the
fluctuation range of V) is small, with a predominant occurrence
of zero, as illustrated in Fig. 13(a). However, the variation range
of the 02-axis common-mode voltage (V(y) is either O or V5.
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Using the synchronous PWM scheme will cause a large 02-axis
voltage fluctuation, resulting in a considerable 05-axis current
ripple in the in-motion charging mode.

In contrast, three carrier waves that are out of phase by one-
third of a switching period are used in the 120° interleaving
PWM scheme. According to (12), the 02-axis voltage fluctuation
can be significantly reduced due to the cancellation effect, as
shown in Fig. 13(b). Additionally, it can be observed that the
fluctuation range of V; is still small.

V01=%(VA+VB+VC—VU—VV—
Voo

Viv)

12
s(Va+Ve+ Ve +Vu+ Wy +Viy). (12

V. EXPERIMENTAL VERIFICATIONS

In order to validate the feasibility and effectiveness of the
proposed MEI-EDROC, an experimental test rig with the rated
power of 2 kW is conducted as shown in Fig. 14. A 2-kW six-
phase symmetrical PMSM is employed and the main parameters
of the machine are listed in Table II. The load is produced by
a magnetic powder brake. Two 36 V/300 W VRPPs connected
in series, a dc power supply with a maximum voltage of 100
V and an ac power source are chosen to imitate the VRPPs,
the emerging dc grid, and the single-phase grid, respectively.
The battery under test is with 144 V/50 AH. A multifunctional
onboard charger is made, where six Infineon FF300R12ME4
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TABLE II
MAIN PARAMETERS OF THE SYMMETRICAL S1X-PHASE PMSM

Parameters Values
Rated power 2.0 kW
Rated speed 2000 r/m
Number of pole pairs 5

Direct axis inductance 5.56 mH
Quadrature axis inductance 7 mH
0-axis inductance 0.125 mH
Phase resistance 0.3Q
Stator-PM magnetic flux 0.042 Wb
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Fig. 15.  Single-phase charging performances.

IGBT modules are used to constitute the six-phase inverter.
Due to the limitation of the experimental platform, the oper-
ating frequency of the IGBTS in this system is 10 kHz, which
can satisfy all modes. In addition, with regard to the current
and voltage measurement, HCS-LTS3-15A current sensors and
HVS-AS3.3-05 mA voltage sensors are used. Furthermore, the
proposed ICS is achieved by a TMS320F28335 digital controller
board.

A. Single-Phase Charging and DC Charging

First, the single-phase charging performances are evaluated
considering the input voltage of 80 V. It can be observed from
Fig. 15 that the phase shift between input voltage Vac and
input current /¢ is negligible, which indicates the unit power
factor operation. The charging voltage V} is about 150 V and
its ripple is roughly 2 V. The charging current [, is around 5
A and the second-order ripple current of 4 A can be noted
due to the presence of second-order power pulsation on the
input side. In addition, as shown in Fig. 15, the machine phase
currents / 4 and I g are equal to one-third of /5, generating zero
electromagnetic torque. In other words, the rotor electrical angle
maintains a constant value in this mode. Then, the experimental
results of dc charging are illustrated in Figs. 16 —18, where the dc
power supply is set to 90 V and the VRPPs are operated in 1000
W/m? and 20 °C. Fig. 16 shows the steady-state experimental
waveforms of the dc charging mode for the 120° interleaving and
the synchronous PWM schemes, where the dc power supply
is used. The charging current I, (approximately 8 A) tracks
its set value, with a constant charging voltage V; (approxi-
mately 150 V) observed, which meets the basic requirements
of battery charging. The ripple of the current outputted from
the dc power supply (Ipc) for the 120° interleaving PWM
scheme (approximately 1.5 A) is lower than that obtained by
the synchronous PWM scheme (approximately 5 A), owing
to the cancellation effect. However, due to a larger equivalent
inductance of machine winding (which is changed with the
magnetic conductivity), the ripple of machine phase current
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for the synchronous PWM scheme is lower. In addition, the
machine phase currents are the same, which means that zero
electromagnetic torque is generated. Thus, it can be observed
from Fig. 17 that the rotor electrical angle is unvaried during dc
charging. Meanwhile, excellent charging current-tracking per-
formance can be observed when the charging current is varied in
a step manner from 5 to 8 A, as shown in Fig. 17. The experiment
results of dc charging powered by the VRPPs are presented in
Fig. 18. Obviously, the charging current /; and voltage V;, both
remain constant. Although the output current (/pp) ripple of the
VRPPs for the synchronous PWM scheme is obviously larger
than one for the 120° interleaving PWM scheme, the difference

scheme. (b) With synchronous PWM scheme.
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Fig. 20. In-motion charging performances in steady state. (a) With 120°
interleaving PWM scheme. (b) With synchronous PWM scheme.

of the VRPPs voltages Vpp can be ignored since the VRPPs are
in parallel with a 4700-uF electrolytic capacitor.

B. Normal Driving and in-Motion Charging

Fig. 19 depicts the steady-state performance of the normal
driving mode under the desired speed of 500 r/min in con-
junction with 4 N-m load. It can be found that the machine
phase currents are extremely sinusoidal for two PWM schemes.
Although the ripple of the machine phase current is larger for
the 120° interleaving PWM scheme, the ripples of d—¢, and x—y
subspace currents (4, 1,4, I, and I,)) are the same for the two
PWM schemes. Besides, the speed n and the output torque 7
of the machine are constant for two PWM schemes.

Then, the performances of in-motion charging are evaluated
when the VRPPs are in the condition of 1050 W/m? and 20 °C.
Fig. 20 illustrates the steady-state performance where the speed
is set to 500 r/min and the magnetic powder brake output is set to
4 N-m. It can be observed that the phase currents are sinusoidal
with a bias current of —1.2 A due to the imposed 0,-axis current.
Meanwhile, the d—¢g subspace currents, the speed and the output
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torque of the machine are constant for these two PWM schemes.
Compared with the synchronous PWM scheme, the ripple of
machine phase current is larger for the 120° interleaving PWM
scheme, but the ripple of the VRPPs output current is lower. In
addition, the output current of the battery is approximately —2A,
which means the battery is under charging.

Also, in order to analyze the dynamic performances in the in-
motion charging, incorporating 120° interleaving PWM scheme,
the experiment under the condition of speed step-change from
1000 to 500 r/min s carried out, as shown in Fig. 21. Owing to the
decoupling between 0,-axis and the d—g subspace components,
the output current (/pp), and hence, the output power of the
VRPPs remain the same from beginning to end. Besides, both
I and I, maintain the same values under constant torque condi-
tions. In addition, a satisfactory dynamic performance (rough
70 ms) can be observed. It should also be noticed that the
charging current increases under the final steady state because
the energy consumption for driving is decreased by reducing
speed manners.

Moreover, the FFT results of 74 in the normal driving mode
are depicted in Fig. 23. The total harmonic distortion (THD) of
phase current in the normal driving mode with 120° interleaving
PWM scheme is about 5.14%, which is higher than that with
synchronous PWM scheme (2.88%). This distinction is primar-
ily attributed to the larger equivalent inductance of the machine
winding, which varies in accordance with magnetic conductivity,
prevailing in the synchronous PWM scheme. Additionally, the
FFT results of 14 in the in-motion charging mode are depicted
in Fig. 24. The THD of phase current in the in-motion charging
mode with 120° interleaving PWM scheme is about 7.42%,
which is higher than that with the synchronous PWM scheme
(7.10%). In contrast to the normal driving mode, the harmonic
increases significantly in the in-motion charging mode as aresult
of the unequal impedances of stator windings and composition
of zero-sequence space.

C. Mode Switching

The performances of mode switching are evaluated in com-
bination with the 120° interleaving PWM scheme. Fig. 22(a)
exhibits the experiment results of mode switching from in-
motion charging to dc charging. It can be noted that the speed
drops rapidly to zero. Because a magnetic powder brake is
employed as load, a constant braking torque always exists during
the mode switching. Thus, the output torque and the g-axis

4059

In-motion charging | DC chargin, ] In-motion charging | DC charging
» <
5A/div) AlB(SA/dIY) b Ipp(5A/div) A ~1,(1A/div)
I i ey
L=Iy=0 »
“’d—‘\_ ’n(400rrmm/d|\) B Vk\‘“[ﬁ\t T— ~— N
oy \ . ey 1A/
= T,(2N-m/div) I/ N\ . 100ms/div - ~ 100ms/diy
(a)
DC charging | In-motion charging | DC charging [ In-motion charging
) I5(5A/div) N p(5A/div)
’I‘().-\ div) " I'‘:'::”""""""""‘”’“"’“‘l )'-]h(lA div)
—T— ersbtorsres
L=I=0
N ( 1(5A/div) R PSS g
“T@N-m/div) | n(400r/min/div) Z L{1A/div)
x| A *
T 7 _ 100ms/diy IOM‘;
(b)

In-motion charging | normal driving | In-motion charging [ normal driving |

Ip(5A/div)

L(5A/div)
i e R

Y
Ipp(5A/div) kN
lrommamwrsaeswons 1,1 A/div)
/I (5A/div) [

nmmmnmuwmwm

< ik
T.(2N-m/div) ;MOOWde“) ’I.,(IA div )""'.m

AN

. 200ms/diy ~ 200ms/diy’
(©)
normal driving [ In-motion charging normal driving [ In-motion charging
L(5A/div) I(5A/div)
‘w‘ ‘Mmﬁmwmmmwmm i ,Iu(5A/d|\) I
O RO 70771 W

I,(5Adiv) "

N
T,(2N-m/div) ;1(400r/minrdiv)

200ms/diy

_ 200ms/diy

(d)

Fig. 22.  Mode switching performances. (a) From in-motion charging to DC
charging. (b) From DC charging to in-motion charging. (¢) From in-motion
charging to normal driving. (d) From normal driving to in-motion charging.

100 < THD=2.88% 100 < THD=5.14%
= 9 2 90
o =
< sofff| 4 S soff|4
£70 70
£ 60 3 £ 60 3
2 50 2 osotfl|2
£ 40 5 40
Eaorfll! I Sl ]! I I
T 20 0 plnllealifecanla = 90 0 lll Ila-A0lannnn
4 6 8 10 12 14 16 18 20 2 4 6 8 1012 1416 18 20
10 ) 10 T
0 0 =
0 2 4 6 8 10 12 14 16 18 2 2 4 6 8 10 12 14 16 18 20
Harmonic order Harmonic order
(@ (b)

Fig. 23.  THD of I 4 in normal driving mode under speed setting of 500 r/min
with 4 N-mload. (a) With synchronous PWM scheme. (b) With 120° interleaving
PWM scheme.

100 THD=7.10% 100 THD=7.42%
~ 9% ~ 90
S st fl] 4 < gor fl 4
=70 2 70
2ol fll? EO |
S sorfll o Ssoffl| 2
E 40 ‘E 40
1 B | 2ot L]
£ 20 | NN ealnalllagla Rl =20 ol Npalllgn.n_llgs
46 8 10112 14 16 18 0 4% 8 1012 14 16 18 20
10 K 10 X
ol =m 0 T
2 4 68 10 12 14 16 18 20 0 2 4 6.8 10 12 14 16 18 20

Harmonic order Harmonic order

(@ (b)

Fig. 24. THD of 14 in in-motion charging mode under speed setting of 500
r/min with 4 N-m load. (a) With synchronous PWM scheme. (b) With 120°
interleaving PWM scheme.



4060

100 100

95 95
~ ~ eV ———
3 90 e | 2 90 = n +—y
CgstT e A 85
2 e I
EL':) 75 —-— synchronous PWM scheme. 5;9 75 —-— synchronous PWM scheme.
o @

70 —+—120° interleaving PWM scheme. 70 —+—120° interleaving PWM scheme.

65 65

60, 60,

500 750 1000 1250 1500 500 750 1000 1250 1500
Power (W) Power (W)
(@ (b)
Fig. 25.  Efficiency results of the studied MEI-EDROC system. (a) DC charg-

ing mode. (b) In-motion charging mode.

current are not equal to zero, causing differences in machine
phase currents. Then, the mode switching from dc charging to
in-motion charging is conducted, as presented in Fig. 22(b). The
speed n is quickly adjusted to its given value (500 r/min). In
addition, it can be found from Fig. 22(a) and (b) that the VRPPs
output current remains constant during mode switching between
in-motion charging and dc charging. Finally, the experiments for
mode switching between normal driving and in-motion charging
are implemented, as illustrated in Fig. 22(c) and (d). Due to the
decoupling of between 0;-axis and d—q subspace components,
it can be seen that the d—q subspace currents, and hence, the
speed and the output torque are unchanged for both cases, which
satisfies the theoretical analyses in Section III.

D. Efficiency Discussion

The efficiency of the MEI-EDROC system in single-phase
charging mode is 88.23% under the input voltage of 80 V. Due
to the presence of second-order power fluctuations on the input
side, there is a significant second-order ripple current in the
battery measurement.

The efficiency of the MEI-EDROC system in the dc charging
mode with different schemes is evaluated by manually adjusting
the input current by regulating the charging current, whichisin a
range of 5—15 A. Considering the input voltage is approximately
constant at 100 V, the power roughly ranges from 500 to 1500
W. The efficiency curve is presented in Fig. 25(a). Generally,
the efficiency increases with the charging power. In particular,
the peak efficiency achieved at 1300 W input power is up to
88.14% with synchronous PWM scheme and 86.75% with 120°
interleaving PWM scheme, which is lower than traditional on-
board charger (over 94%). There are two main reasons restricting
charging efficiency. On the one hand, the utilization of machine
windings as the filters would lead to higher resistances in com-
parison to the customized filters in dedicated chargers, which is
the primary contributor to power loss. On the other hand, apply-
ing high-rated power switching devices and six-phase PMSM
without optimization to a low-rated laboratory prototype would
lead to higher motor losses [9]. Currently, relevant investigations
have been conducted regarding the issue of charging efficiency.
Concretely, optimizing the power switching devices, specifically
the utilization of wide bandgap semiconductor technologies like
SiC, is a viable approach to enhancing charging efficiency [17].

For in-motion charging mode, in order to obtain its efficiency
curve, the dc source instead of the VRPPs is connected between
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the machine natural points and the battery negative to flexibly
adjust input power. The input power from the dc source ranges
from 500 to 1500 W. The efficiency curve with different schemes
is drawn in Fig. 25(b). It can be observed that the efficiency
increases with the input power. The peak efficiency is 91.43% at
1100 W input power with a synchronous PWM scheme and the
other peak efficiency is 90.93% with 120° interleaving PWM
scheme at the same input power.

The efficiency of different PWM schemes shown in Fig. 25
illustrates the efficiency with the synchronous PWM scheme
is higher than that with the 120° interleaving PWM scheme
under the same input power. In principle, the 02-axis voltage
fluctuation increases with the synchronous PWM scheme, but
the ripple of machine phase current is low, which results in lower
loss in normal driving and in-motion charging mode. In contrast,
due to the cancellation effect, 02-axis voltage fluctuation can be
significantly reduced by 120° interleaving PWM scheme, which
can ameliorate charging quality. However, it is noted that the
machine phase ripple current is larger, which increases machine
losses. Henceforth, in specific designs, practical factors need
to be comprehensively considered, and the appropriate PWM
scheme should be chosen based on actual circumstances in order
to accomplish preferable system performance.

VI. CONCLUSION

In the article, the MEI-EDROC with the ability of dc charging,
single-phase charging, in-motion charging, and normal driving
for SPEV incorporating a six-phase machine is studied. Circuit
topology, switching conditions of four operation modes and
operation principles, especially the in-motion charging mode, of
the MEI-EDROC are discussed in detail. After that, by extending
the vector control strategy of six-phase machine driving, the
ICS responsible for all operation modes is proposed, which
makes the system control simpler and more reliable. Finally,
the MEI-EDROC system with the ICS is successfully verified
by a 2-kW experimental prototype. According to the experiment
results, the following conclusions are obtained.

1) By the ICS, dc charging, single-phase charging, in-motion
charging, and normal driving can be successfully imple-
mented.

2) In dc charging and in-motion charging, compared with
synchronous PWM scheme, the ripple of the VRPPs or
the dc power supply output current (or Oz-axis current)
for 120° interleaving PWM scheme is smaller, but the
machine phase current is larger.

3) Inin-motion charging, the VRPPs output power is invari-
ant by changes in speed due to the decoupling between
the 05-axis and the d—g subspace components. In addition,
the dedicated dc—dc converter between the VRPPs and the
battery is eliminated in in-motion charging mode and dc
charging mode.

4) During the mode switching between in-motion charging
and dc charging, the VRPPs output power is constant. In
addition, the mode switching between in-motion charging
and normal driving has no impact on the EV driving
performances.
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