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Abstract: This paper presents a new electric drive-reconfigured on-board charger and initial elec-
tromagnetic torque suppression method. This proposed reconfigured on-board charger does not
need many components added to the original electric drive system: only a connector is needed,
which is easy to add. Specifically, the inverter for propulsion is reconfigured as a buck chopper and
a conduction path to match the reconfigured windings. Two of the machine phase windings serve
as inductors, while the third phase winding is reutilized as a common-mode inductor. In addition,
the initial charging torque is generated at the outset of the charging process, which may cause an
instant shock or even rotational movement. In order to prevent vehicle movement, the reason for the
charging torque and suppression method were analyzed. Further, predictive control of the model
based on mutual inductance analysis was adopted, where the charging torque was directly used as
a control object in the cost function. Finally, experimental performances were applied to verify the
proposed reconfigured on-board charger under constant current and constant voltage charging.
Keywords: electric drive-reconstructed onboard charger; permanent magnet motor drive;
electromagnetic torque; electric vehicles

1. Introduction

The motivation of this research is to cut down the fabrication cost and increase the
functions of future electric vehicles (EVs) [1-3]. Although developing a high-energy-density
battery is a promising solution, it lacks, however, a technical breakthrough. It also needs
to make tradeoffs regarding the cost, weight and safety [4]. Thus, one of the attractive
solutions is to reconfigure the propulsive unit as an on-board battery charger. In this way,
the semiconductor device, control unit, sensors, cooling system, and so on can be shared
for the propulsion and charging functions [5-8].

Various types of electric drive-reconfigured on-board chargers have been proposed
during the last three decades, and although electric drive-reconfigured chargers are seen as
a rectifier of the on-board charger, design limitations still exist, which include AC charging
torque and excessive extra components for reconfiguration. In [9], a three-phase induction
motor was reused as the transformer of an on-board rectifier to charge the vehicle battery.
However, an additional brake was assembled to prevent charging torque of the motor.
In [10], an additional smoothing reactor was used to realize the safe charging operation for
a three-phase on-board charger, which increased the complexity of its manufacture. The
performance highly relied on the additional reactor as the coupled inductances among
windings were not considered. In [11], a reconfigured on-board charger with a six-phase
permanent magnet synchronous motor (PMSM) was proposed. The six-phase inverter
served as a rectifier, while the motor windings were utilized as the filters of the rectifier.
To prevent the electromagnetic torque, a phase-shifted transformer was assembled on-
board, which was bulky. In [12], five-phase and seven-phase PMSM were integrated into
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the reconfigured on-board charger, in which the motor windings worked as filters of the
rectifier. Unfortunately, complex current rearrangement devices were installed to match
the desired currents in the corresponding motor windings, which was complex and hard
to implement. In [13,14], fully integrated nine-phase on-board chargers were presented.
In [13], nine-phase machine windings were reutilized as filters of the grid side. Similarly, a
nine-phase EV propulsive system was reconfigured as a six-phase rectifier and a three-phase
buck converter for an on-board battery charger in [14]. However, the common weakness of
these solutions was the overcomplicated system. Despite the possibility of these solutions
in lab conditions, the nine-phase machine was far from being applied in industry. In [15],
the switched reluctance machine (SRM) was reconfigured in an on-board charger, where
the SRM was the central tapped type. Also, extra power switches were added in the
original propulsive system, which raised new challenges in machine manufacture and
circuit integration. In [16,17], SRM with open-end windings was reconfigured as an on-
board charger. But the SRM was seldom adopted in EV because of the torque ripple and
machine noise. In [18], a current source rectifier was used in an electric drive reconfigured
charger, where motor windings were reused as filtering inductors. However, a mechanical
lock was used to prevent generation of electromagnetic torque.

When the electric drive was reconfigured as the buck/boost chopper of the elec-
tric drive-reconfigured on-board charger, the electromagnetic torque turned into a DC
component, which becomes convenient to analyze and suppress. In [19], an on-board
charger offering electric vehicle fast charging using emerging dc distribution networks
was proposed. The dual-inverter was utilized as a six-phase buck converter to achieve a
high-efficiency and low-cost integrated on-board charger. In [20], a high-efficiency on-board
charger was realized by using GaN and zero voltage switching. Values of 37 W /in® and over
96% efficiency were reached on a 6.6 kW prototype. In [21], AC machine windings were
used as mutually coupled inductors to realize a double-channel interleaved boost chopper.
Another idea for an isolated /bidirectional dc/dc converter in an electric drive-reconfigured
on-board charger based on a PWM resonant converter was proposed in [22]. In [23], the
mechanism of electromagnetic torque is presented in detail, as well as the rectifier and
DC/DC converter control methods. In [24], decoupled current-balancing control (DCBC)
with two parallel loops was proposed for an on-board charger. [25] investigated an electric
vehicle interior permanent magnet synchronous motor (IPMSM) drive, which consisted of
a double-channel interleaved bidirectional front-end dc/dc buck-boost converter and a
three-phase inverter.

In summary, the challenges of the electric drive reconfigured on-board charger is
the suppression of electromagnetic torque and overmuch extra components added in the
electric drive system. In this manuscript, a novel electric drive reconfigured on-board
charger is proposed with only one extra connector. Compared with integrated on-board
chargers in [7,10], the proposed integrated charger does not use an extra inductor to improve
charging performance. Instead, two of the three-phase PMSM windings serve as the
inductors; meanwhile, the third motor winding is reutilized as a common-mode inductor.
Thus, the ideal charging effect is achieved without adding extra inductor. Meanwhile,
only by adding one power connector, the inverter for propulsion is reconfigured as a buck
chopper and a conduction path to match the reconfigured motor windings. In addition, the
charging torque and initial movement are discussed in this paper. To prevent the vehicle
vibration during charging process, the reason of electromagnetic torque and suppression
method are originally analyzed. Furthermore, the coupled phenomenon in charging
of motor windings is decoupled into common-mode inductance and differential-mode
inductance, which is also different from the existing literature. In addition, compared with
indirect current modulation, the charging torque is directly used as a control object in the
cost function of model predictive control. Finally, experimental data are given to verify the
proposed reconfigured on-board charger under constant current (CC) and constant voltage
(CV) charging.
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2. Electric Drive Reconfigured System and Initial Charging Torque

Figure 1 demonstrates the proposed electric drive-reconfigured on-board EV charger;
only a single connector K3 is used to switch between the charging progress and the propul-
sive progress. Under propulsion, the connector K; and K, are on, while the Kj is off.
During the charging mode, the connector K; and K; are off, while K3 is on. The rectifier is
commonly assembled on vehicles and it is capable of unity power factor correction ability.
The propulsive inverter is reused as a parallel buck chopper to produce a suitable DC
voltage for the battery pack.
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Figure 1. Electric drive reconfigured on-board charger.

The proposed electric drive reconfigured charger saves the available propulsive com-
ponents and reuses them to the maximum value. First, the power switches of the inverter
in the existing propulsive unit are saved by reutilizing it as a parallel buck chopper. Sec-
ond, two motor windings of the PMSM are reconfigured as a parallel DC/DC inductor;
meanwhile, the left phase serves as a common-mode inductor. It saves space for the battery
as the inductors with high-rated current are bulky. Third, the DSP, cooling devices, and nec-
essary hall sensors for propulsion are all reutilized in the electric drive reconfigured system.
Hence, the cost and weight of the reconfigured on-board system are sharply reduced.

The expression of charging torque was derived based on the magnetic co-energy [23-26].
Thus, the charging torque in matrix form was:

1.79Ls,

215 896 ZS) (1)

T, = Tom + Tor = np(izlpfd% +
e
where L; is the matrix form of the motor inductance, v = [cos(6,) cos(8, — 27t/n). . .cos(B.
—2(n — 1)7t/n)]T. 0,eq, is the mechanical angle, which follows the 0.5, = 0/np. 1, is the
number of pole pairs.
The inductance matrix L; of a three-phase PMSM machine can be found in [26], includ-
ing the leakage inductance L, zero sequence inductance Ly and second-order magnetizing
inductance L.

Ly Lag Lac 10 0 1 05 —05
Lo= | Lps Lg Lpe | =L | 0 1 0| +Lo| —05 1 05
Lea Lep Le 00 1 05 —05 1 .
cos 20, cos2(0. —5) cos2(f. + %
+Ly| cos2(B.—F) cos2(f.+ %) cos26,
cos2(f, + %) cos26, cos2(0. — 5)

Based on Equation (1), if the currents of every motor windings are equal to each other,
for example, iy = ip = ic = I, the electromagnetic torque will be zero. It is indicated that
the motor generates no electromagnetic torque during the charging process. However, the
currents in the PMSM windings in the designed reconfigure on-board charger are different;
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hence, an electromagnetic charging torque, also termed as an initial charging torque, will be
generated at the outset of the charging process until the electromagnetic forces are balanced.
If the DC components of the motor winding currents are iy = ip = I, ic = —2I, as a result, the
electromagnetic torque is:

Te = 3nplsgsin(0e — 7/ 3) ®)

Figure 2 shows the waveform between the electromagnetic torque and the electric
rotor position. The electromagnetic torque undulates around zero and it is associated with
the rotor position. Under some specific positions, the electromagnetic torque is 3n,[¢y,
which is close to the rated propulsive torque. Hence, the charging electromagnetic torque
is unsafe and must be suppressed. Meanwhile, it was found that the electromagnetic
torque does not produce at special rotor points, such as 771/3 and 137t/3. These positions
were named zero charging positions (ZCP). However, the ranges of ZCP may increase
due to friction force and cogging torque. Hence, the ZCP areas were marked in green in
Figure 2. The safe charging ranges were not the same in different motor types due to the
motor inertia, friction force and cogging torque, but the ZCP areas should be around ZCP
positions, such as 7t/3 and 47/3.

Il SCO area

kéq
"'\4
S
U

I Charging

S gtorque/Nm

Rotor position/rad

Figure 2. Electromagnetic torque at different rotor positions and ZCP area.

Moreover, the high-frequency components in motor windings will influence the gener-
ation of the initial electromagnetic torque [27]. The main high frequency components in
motor winding were considered as follows:

iA_high = Iy sin(wt + 47) + I3 sin(3wt + ¢)
iB_nigh = Ina sin(wt + @) + g sin(3wt + ¢) 4
IC_nigh = —1LA_high — ILB_high

where Ij,1, Ip, I3, and Ij,4 are the magnitudes of the current ripples, w is the frequency of
the current ripple, and ¢ is the phase position of the current ripple. The charging ripple at
the safe charging position is

Ter = ?”Plpfd[(lhl — Iip) sin(wt + @) + (I3 — Iyg) sin(Bwt + )] )

If the rotor does not stop at the calculated ZCPs, the machine is likely to produce
enough initial electromagnetic torque to rotate the rotor, which may lead to a shock even
rotational movement when the consumer is not in the vehicle. Thus, ZCP is necessary to
ensure the safety of vehicles and costumers.

It also needs to be mentioned that in order to handle unexpected charging torque
generation, the electric park brake was used to keep vehicle at a standstill. In addition, the
charging power level was designed to ensure charging torque was small enough to limit
the maximum charging torque. The encoder data were also used to detected unexpected
charging torque; if unexpected charging torque occurred, the charging progress would
stop immediately.

In summary, the initial electromagnetic charging torque was not equal to zero at the
outset of the charging process until the rotor was at the ZCP areas. This initial movement
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may have generated an instant shock on the vehicle. In addition, ripple charging torque
resulting from ripples in the motor winding currents should be suppressed, because this
may result in vibration and noise.

3. Initial Charging Torque Suppression

In order to maintain the rotor at the ZCP areas, the initial charging torque should be
suppressed. The model predictive control was employed here to obtain the most suitable
output PWM status according to the cost function [28-30]. Meanwhile, the charging torque
can be set in the cost function directly compared with other indirect methods, such as the
proportional integral controller.

3.1. Mutual Inductance Analysis

The model predictive control is highly reliant on the mathematic model of the charger.
The strong coupling between motor windings may affect the charging performance [31].
So, the coupled inductances of motor windings were analyzed first.

The inductance of phase-C winding can provide enough common-mode inductance
for good charging performance. So, only two current patterns were adopted in the electric
drive reconfigured on-board charger, which is shown in Figure 3. These two current
patterns were termed as Mode I and Mode II. Then, the flux of the three-phase motor was
presented as

LA LAB LAC iA COS(Ge)
Y= |Lpa Lp Lpc| |iB +1Pfd cos(0, — 27 /3) (6)
Lea Lep Lc ic COS(Ge — 47'[/3)

where iy, ip, ic represent the currents of three-phase motor windings; ¢ and 6. are
permanent magnet flux and electric angle. L4, Lp and L¢ are main inductances while L4,
Lpa, Lac, Lca, Lpc and Lep are mutual inductances. The relationships between mutual
inductances are

Lap = Lpa
Lac = Lca )
Lgc = Lcs

The voltages on the PMSM windings can be derived by

dpapc

uapc = Rapciapc + It (8)
. di
up Ra ia Ly Lap Lac {?f
ug | = Rp ig| + |Lsa L Lpc| |
uc Rc] lic Lea Lep  Le | |4c

where R4, Rp, Rc are resistances of motor windings; u4, up and uc are voltages on
motor windings.

The currents in motor winding are represented by differential-mode currents and
common-mode currents in (9), in which 7’ 4 and i’ are differential-mode currents, and izc,
igc and icc are common-mode currents.

. ./ .
A lA lacC
ig| = l% + |igc 9)
iC 0 iCC

Since the phase-C winding does not contain differential-mode current, the differential-
mode currents in phase-A and phase-B are

iy +ip=0 (10)
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The common-mode currents in phase-A winding and phase-B winding are
i
iac =ipc = —% (11)
Thus, the motor phase voltages can be obtained as
u;‘ RA li‘l LA - LAB dd—%
= i
AR e [ P w
Lo+ Lyp
. 0 0 di
uac Ra iAC —2Lac diac
uge | = Rp ipc | + 0 Lp +Lpa 0 dipc (13)
ucc Rc] licc —2Lpc . d%
0 0 Lc— AC‘Z"‘ CB

where 1’4 and u'p represent the differential-mode voltages, while uac, upc and ucc are
common-mode phase voltages. The common and differential modes are summarized by
the equivalent schematics in Figure 4.

Ki gy 1 1 AT
SiI”Sp1 B[ Sps Ss[ Sps

P

KZ, IS SQ Spa 5(1-}L SD6 T

Inverter Motor Battery

(a)

>
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J i‘q} J N
KZ 2- SDZ ) SD4 6 SD6

@ ¢

. I,

Inverter Motor Battery
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Figure 3. Current patterns of reconfigured on-board charger. (a) Mode I. (b) Mode II.
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isgc Rg Lp Lps —2Lpc

Rp Lp —Lp4
(b)

Figure 4. Common-mode and differential-mode models of the three-phase PMSM motor under
charging mode. (a) Common-mode situation. (b) Differential-mode situation.

3.2. Model Predictive Control

The state equation of the electric drive-reconfigured on-board charger was obtained

based on Equation (13):
iac ' —Ra 0 0 1
4 LAC uac X X
isc| =Alipc| +Blugc| A=| 0 =R o |B= 1 (14)
. icc ucc 0 0 2k 2
icc ‘ -

where X = Lg+Lag — ZLAc, Y= Lg +Lag — ZLBC/ Z = ZLC — LAC — LCB-
The approximate discretization model of Equation (14) at the k + 1 moment
was obtained.

1 * uk
15 K1 | A k1 | £C
ipe | = A ip| +B Upc (15)
FT1 ik uk
lcc C cc
— ReT 0 0 o o0
Ak-‘rl — 0 1— RlA/T 0 Bk+1 — 0 % 0
RAT 2T
0 0 — BT 00 ¥

Then, the winding voltages of phase-A and phase-B at the k moment were obtained.
Equation (16) is the voltages in the current pattern Mode I, while Equation (17) is in Mode II.

LyL
kK _ k  _ A~B
Upc = Upc = LaLp + LC(LA + LB) (udc - uhuttery) (16)
LsL
k AL“B
= =— 17
Uac Upc LiLp + LC(LA ¥ LB) Upattery (17)

Next, the predictive charging torque at k + 1 moment is

TS = 3n, 1"y g sin(0, — 77/ 5) (18)

The control object was to reduce the charging torque to prevent potential rotor move-
ment. So, the error function of charging torque was defined as

AT, = (TF — TF1)? (19)
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In addition, the charging status needed to be considered as the charging progress is
usually divided into CC charging and CV charging. Equations (20) and (21) are the error
functions in CC charging, while Equation (22) is the error function of battery voltage in
CV charging. It needs to be mentioned that the battery voltage grows slowly compared
with the sampling frequency, so the sampling voltage of the battery was used as the battery
voltage at the k + 1 moment.

. . . 2
Nipc = (B¢ — 157 (20)
. . . 2
Aigc = (ipe — i5e") (21)
k1 2
Aubattery = (uZattery - ub;rttery) (22)

Finally, the cost function in CV charging mode was defined as
gcv = ATe + AAupattery (23)
The cost function in CC charging mode was defined as
gcc = AT, + p(Aiac + Aipe) (24)

where1>pu>0and 1> A >0.

The coefficient of AT, was set at 1, while the coefficient of Auyyer, Or (Aigc + Aipc) is
set between 0 and 1. AT, affects the rotational movement of the motor during the charging
process while Autygtery OF (Aigc + Aipc) affects the charging status, such as the charging
voltage and charging current. Moreover, if the coefficient of Augytery Or (Aiac + Aipc) is too
small, vibration of motor may be produced according to Equation (5).

It needs to be mentioned that the differential-mode current in motor windings are not
considered in the cost function, because the rotor position offset is acceptable only if the
rotor is in the ZCP areas. Figure 5 shows the control flow chart of the model predictive
control. First, the motor winding currents, encoder value, dc-link voltage and battery
voltage were measured. Then, the predictive values of currents and charging torque were
calculated. Afterwards, the error functions were executed based on the state of charge.
Finally, the PWM codes were created according to the minimum cost function.

(Measure i i ¢, O Udes ubmtery)

L

( gop=inf: j=1: )

A

( Calculate u,. u,. Eq.(16).(17) )
|
( Calculate 1, 1 771 Eq(15).(18) )

cv cc

[ Calculate Eq.(19)(22) ] (Calculate EqA(I9)—(21)]

1 1
[ Cost function. Eq.(23) ( Cost function. Eq.(24) l
N2 N2

( ewminted ) [ eeminted )

I . |

\LNO

( Execute switch state J

Figure 5. Control diagram of model predictive control with different state of charge.
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The whole control method of the reconfigured on-board charger was divided into two
parts. On the rectifier side, the unity power factor correction and output voltage control
were adopted. The unity power factor correction was achieved by setting the g-axis grid
current values at zero [32,33]. The output voltage control was attained by setting the value
of the output voltage regulator as the reference d-axis value of the grid currents. On the
reconfigured on-board charger side, the rotor was pulled to one of the ZCP areas [34,35].
Then, the model predictive control started to operate to maintain a safe charging operation
and satisfy a different charging status.

4. Simulation and Experimental Results
4.1. Simulation Performance

To verify the proposed electric drive-reconfigured charger and charging operation,
the simulation was first carried out in the MATLAB/SIMULINK (R2019b). It needs to be
mentioned that inductances of motor winding were identified at a high frequency, which
was close to the working frequency of the parallel DC/DC chopper. Also, the mutual
inductances were tested at high frequency. The key parameters are listed in Table 1.

Table 1. Parameters of electric drive-reconfigured on-board charger.

Parameters Values
Sampling frequency 150 kHz
Rated motor output 4 kW
Rated motor current 6A
Rated rotate speed 3000 rpm
No. pole pairs 3
Phase-A winding inductance Lp 1.059 mH
Phase-A winding resistance Rp 0.482 Q)
Coupled inductance of phase AB Lap 0.031 mH
Phase-B winding inductance Lg 1.001 mH
Phase-B winding resistance R 0.515 Q)
Coupled inductance of phase BC Lpc 0.062 mH
Phase-C winding inductance L¢ 1.067 mH
Phase-C winding resistance R¢ 0.487 O
Coupled inductance of phase AC Lc 0.044 mH

Figure 6a exhibits the motor winding currents under 2 A CC charging with MPC. The
ripple currents of the three-phase currents were 0.08 A, 0.08 A and 0.16 A. The current of
phase-C was twice the currents in the other motor winding, which confirms the analysis
of the electric drive-reconfigured on-board charger. Figure 6b exhibits the charging per-
formance of the battery, motor winding current and capacitor current. The ripple current
flowed through the capacitor and the charging current was stable and smooth, which
ensures robust charging performance.

Motor winding
current/A

[

d |
004 0042 0044 0046 0048 0.5
(@)

Charging
performance/A
I

004 0042 0044 0046 0048 0.05
(b)

Figure 6. Simulated waveforms under CC charging with MPC. (a) Charging currents in motor
windings. (b) Battery current and capacitor current.
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Figure 7a exhibits the simulated results at 52 V CV charging with MPC. The current
of phase-C was the sum of the currents in phase-A and phase-B, which agreed with the
current distribution of the reconfigured on-board charger. Figure 7b exhibits the battery
current, capacitor current and phase-C current. The ripple current did not flow through the
battery, which was similar with the performance in CC charging.

| | [ T
o T T
= )
EL
55 bvsrvtesies
B8 ©°
=

004 0042 0044 0046 0048 0.05
@

_

N

|Cap

Charging
performance/A

004 0042 0044 0046 0.048 0.05
(b)

Figure 7. Simulated waveforms under CV charging with MPC. (a) Charging currents in motor
windings. (b) Battery current and capacitor current.

It can be observed in both Figures 6 and 7 that differential-mode current existed, which
may have generated an offset between phase-A and phase-B current. The tiny offset would
not have caused rotor movement as the friction force and cogging torque may have helped
to maintain the rotor in the ZCP areas.

4.2. Experimental Performance

In order to further verify the proposed reconfigured on-board charger and suppression
effect, a test bed was built. Figure 8 shows the main components of the test bed, including
the control desk, current probes, oscilloscope, reconfigured on-board charger, three-phase
PMSM and lithium-ion battery. The reconfigured on-board charger contained an on-board
charger, a set of inverters, a DSP28335, drive circuits and sampling circuits.

A. Control desk

B. Current probe

C.DSP

D. Oscilloscope

E. Reconfigured charger
F. Three-phase PMSM
G. Three-phase rectifier
H. Reconfigured inverter
L. Lithium-ion battery

Figure 8. Testbed of proposed reconfigured on-board charger.

It also needs to be mentioned that a constant switching frequency of 5 kHz was
adopted on the on-board rectifier side, while the switching frequency of the proposed
on-board charger was related to the sampling frequency. In addition, the dead time on the
rectifier side was 1.2 ps, while the dead time was not used on the reconfigured side.

Figure 9 exhibits the rectifier performance of the on-board rectifier under 2 A CC
charging. The transformer side voltage was 33.2 V and the dc-link voltage was set to 70 V.
The rectifier currents were in the same phase as the rectifier voltage, which confirms the
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unity power factor correction. The dc-link voltage was stable and had a 2 V ripple voltage,
which achieved the aim of output voltage control. The total harmonic distortions of the
three-phase currents were 6.72%, 6.82%, 6.88%, respectively.

Tek in_ ® Stop M Pos: 17.16ms MEASURE 2r — —T— — — — —
1, (50V/diy) 1= iga_THD=6.72%
T £x
S5 QO
[Shae)
A 21 1
L CH3 c <
N\ € / ¥ cycRMS S o
N 22547 1S g ‘ ‘
v 25 ML D laaanl
C S I
i (SA/AiV) ip(SA/div) 0 i L1 a 1 1
; e 3 57 911131517192123252729
Cyc RMS Harmonic order
(a) (b)
E < igr_THD=6.88% g ) igc_THD=6.82%
33 S3
o 2 i}
€Y e 2T
oD cC
E [++] (el <]
S im : © |
T [3+]
I Hlanboonsl 5000l annnnant
3 5 7 9 11131517192123252729 357 911131517192123252729
Harmonic order Harmonic order
(o) (d)

Figure 9. Grid-side performance. (a) Grid-side voltage, currents and dc-link voltage of on-board
rectifier. (b) THD of ig,. (c) THD of igp,. (d) THD of igc.

Figure 10a exhibits the motor winding currents and battery voltage at 2 A CC charging.
The instant frequencies of the ripple currents were different since predictive control was
adopted. For example, the f1 and f; in Figure 10a are obviously different. The ripple current
performance was different from the constant frequency modulation and the average ripple
frequency was about 13 kHz. In addition, the current ripples in the three-phase PMSM
windings were 0.18 A, 0.18 A and 0.36 A. The differential-mode current existed in motor
wingding phase-A and phase-B, which confirms the mutual inductance analysis.
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Figure 10. Experimental performance at 2 A CC charging. (a) Currents in motor windings and battery
voltage. (b) Capacitor and charging currents.

Figure 10b demonstrates the battery current and capacitor current at 2 A CC charging
with MPC. It was found that the current ripple in phase-C flowed through the capacitor
rather than the battery. Thus, the charging current was constant and stable. Also, the
battery voltage was stable under CC charging.

The amplitude of the motor winding current i4 and ip were almost the same in CC
charging mode. The motor winding current ic was twice the motor winding current i4 and
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ig, which meets the control requirement. In addition, the motor winding currents i4 and ip
were not the same in CV charging. This is because the control object changed from current to
voltage. The differential-mode current was generated due to the differential-mode inductance.
The current ripple in simulation was 0.08 A, 0.08 A and 0.16 A, while the current ripple in
the experiment was 0.18 A, 0.18 A and 0.36 A, which was slightly bigger than in simulation.
This is because the simulation was relatively ideal, and many non-linearity elements such as
power switches and battery were not accurately modeled in simulation.

Figure 11a presents the charging results under 50 V CV charging with MPC. The
ripple frequency was also different from constant frequency modulation. The current
ripples in the three-phase PMSM windings were 0.18 A, 0.18 A and 0.36 A. Although small
imbalanced currents existed in motor winding A and motor winding B, it would not have
damaged the power switches and the current stress was safe for these power switches. This
is because the charging unit was reused from the inverter for propulsion and the power
level of propulsion was much higher than that of charging. As a result, the current stress of
charging was much lower than that of propulsion.
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Figure 11. Experimental performance under 50 V CV charging. (a) Currents in motor windings and
battery voltage. (b) Capacitor and charging currents.

Figure 11b exhibits the phase-C current, battery current and capacitor current under
50 V CV charging with MPC. The battery current was constant and the mean value was
2.75 A. The ripple current of phase-C winding flowed through the capacitor; as a result,
safe and good charging performance was achieved.

Figure 12 shows the trigger wave, encoder output and charging torque without the
initial charging torque suppression. The trigger wave was generated at the same moment of
power on moment, so that the oscilloscope could catch the instant performance accurately.
The encoder output was exported by a digital /analog converter (DAC) on the DSP, which
showed the rotor movement. The charging torque was calculated by Equation (1) and
was exported by DAC. Before power on moment, the encoder output was zero, which
means the rotor was at the original position where phase-A was aligned with the d-axis
of the machine. Meanwhile, the charging torque also stayed at zero as there was no
current flow through the motor windings. When the power was on, the encoder position
increased, while the charging torque stayed positive until the rotor stopped rotation. The
rotor produced rotational movement and an instant shock during the power on moments,
which was unsafe during the charging process. It was also observed that the electric angle
of the rotational movement was 58.32° (1.08/20 x 360 x 3), which was very close to the
theoretical 60°. A value of 20 is the maximum DA output of the encoder when the rotor
rotates to a mechanical angle of 360. A value of 3 is the pole—pair number. The 1.68° offset
was normal as the rotor still stays in the ZCP area due to friction. It should be noted that
the encoder output and charging torque of ZCP were completely uniform and stable, which
shows the effectiveness of initial charging torque suppression.
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Figure 12. Charging torque and rotor position performance without initial charging torque suppression.

5. Discussion

Table 2 compares six parts with integrated on-board chargers in other studies. It was
observed that the all the integrated on-board chargers need connectors to separate the
charging and propulsive system. In addition, most studies adopt a linear controller. The
switching frequency is usually the same as the sampling frequency. However, studies
have [11,13] adopted a 20 kHz sampling frequency and 10 kHz switching frequency to im-
prove control accuracy. Since the model predictive control is adopted, sampling frequency
should be much higher than the switching frequency. It needs to be mentioned that this
will not add computation burden for DSP, because more advanced DSP is adopted in EVs,
such as DSP 28379.

Table 2. Comparison with other works.

1? witching Necessary Units Power Level Control Method External Power Efficiency
requency Supply
[6] 3-5 kHz Connectors, voltage sensors 1.5 kW PFC, MPC Three-phase N/A
[7] 20 kHz Connectorslieeciitzzr;al inductor, 1.4 kW Phase-balance Single-phase <87%
[8] 20 kHz Connectors, photovoltaic panels 15 kW CC,cv Single-phase <90%
[10] 20 kHz Connectors, extra inductor, rectifier 1.8 kW CC,CV Three-phase <94% *
[11] 10 kHz Connectors, phase transposition, 1.1kW Multiple-loop Three-phase N/A
transformer
[13] 10 kHz Connectors, nine-phase inverter 2.5 kW Multi-loop 1 or 3-phase <85%
[19] 7.5 kHz Connectors, dual-inverter 10.35 kW Interleaved DC-Source N/A
[21] 15 kHz Connectors, diodes 3kW PFC, interleaved Single-phase 93.1%
Proposed 13 kHz Connectors, rectifier 2 kW MPC, E%O, G 1 or 3-phase <90%

Note: * is DC to load efficiency, others are grid to load efficiency.

Although the MPC offers good initial charging torque suppression ability, an emer-
gency mode is suggested to avoid unexpected charging torque. The encoder needs to give
feedback to detect the unexpected charging torque or movement during charging progress.
If unexpected movement occurs or the primary control strategy fails, the charging progress
will also stop immediately.

Since the electric drive-reconfigured on-board charger reuses the components in the
propulsive system, the cost is much lower than the fully dedicated on-board charger,
because at least four power switches used for DC/DC conversion and current/voltage
hall sensors are saved. In addition, the efficiency of the designed charger is lower than
the fully dedicated on-board charger. This is because the parameters are not very suitable
for the charging system, such as the inductances and power switches. It will lead to more
switching loss and ripples. Thus, the cost is lower, as well as the efficiency.
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6. Conclusions

In this paper, an initial charging suppression method for the three-phase PMSM
reconfigured on-board EV charger was investigated. A practical electric drive reconfigured
on-board EV charger was presented, where two inverter legs for propulsion were reutilized
as a parallel buck chopper, while the third leg was used as a conduction path. Also, two
motor windings served as two inductors and the third winding worked as a common-mode
inductor to obtain better operating performance. The rotational movement of vehicle at
the beginning of the charging process was suppressed based on the analysis of charging
torque. Also, universal charging torque and the corresponding safe charging operation
were elaborated. Model predictive control was elaborated to suppress the initial charging
torque and maintain the ZCP areas. The state of charge and charging torque were both
considered directly in the cost function to offer initial charging torque suppression ability.
A test rig of the proposed three-phase electric drive-reconfigured on-board charger was
designed to verify the suppression effect and charging performance. Both CC charging and
CV charging were achieved based on model predictive control.
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