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Abstract: A high-performance electric motorcycle (HPEM) integrated charger-inverter (ICI) with an
induction motor (IM) is proposed in this article. Typical components are shared in drive and charge
modes, resulting in savings of weight, volume, and cost. A two-stage ICI for AC induction motor
powertrain with power factor correction (PFC) and battery charger functions is considered. Despite
high voltage ripple on the DC link, a high bandwidth nonlinear controller can reject such a drawback
and adequately provide a constant current or constant voltage charging process. The simulation
results of 7 kW ICI are provided to validate the effectiveness and feasibility of the proposed system.
Finite element analysis (FEA) determines the torque and losses of IM in charging mode.

Keywords: electric motorcycle; on-board charger; active filter; asynchronous (induction) motor; finite
element analysis

1. Introduction

In electric vehicles (EVs) application, driving range is one of most important criteria
determining whether people will buy an EV. Both battery technology and fast charging
infrastructure are thus hugely invested in by governments and private companies. AC
charging stations require an on-board charger (OBC), while DC charging stations move
charger power electronics, filters, and so on off board [1]. The charging power of a
DC charging station can be much higher than that of an AC charging station with OBC
regarding weight and volume constraints. In high-performance electric motorcycle (HPEM)
application, weight and volume constraints are much more critical than in other type of
EVs. Such vehicles in the market can only be installed with a low-power OBC [2]. This
results in a long charge duration. Very few high-performance electric vehicles (HPEVs)
have DC charging capability, thus they are less practical in countries where bulky and
expensive DC charging stations are not well covered [3].

Integrated charger-inverters (ICI) allow using power electronic components as an
inverter in driving mode and can be reconfigured by relays and contactors to be used as a
charger in charging mode. Several possibilities have been reviewed, including single-phase
input, three-phase input, multi-machine, multi-phase machine, and so on [3-13]. However,
for motorcycle applications, only three-phase machines have been reasonably considered
owing to their weights and volumes.

In the literature, EVs with several types of three-phase electric motors have been
proposed, such as permanent magnet synchronous motors (PMSMs), switched-reluctance
motors (SRMs), and induction motors (IMs) [14-16]. PMSM offers high efficiency [14].
SRMs give cost-effective, but poor efficiency and high ripple torque [15,16]. However,
most ICI have IMs. This is because of the IMs’ advantages, such as low maintenance
requirements, reliability, and low cost [14,15].
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To use the motor’s winding as an inductor for ICI, the motor’s torque must be investi-
gated primarily during the charging process, resulting in low efficiency. For the three-phase
ICI with a three-phase synchronous machine, special winding must be used to ensure
that the average torque is zero [10]. To nullify the averaged torque, another solution is
proposed without any additional component in [11], where the four motors have EVs with
a three-phase grid as an energy source. Each phase of the grid is connected directly to the
neutral point of the motor. Therefore, the currents of each phase flow through the three
windings at the same waveform (zero-sequence stator currents) and cancel the field of each
other so that there is no torque production. The applicable motor can be either three-phase
IMs or three-phase PMSM. This technique can be applied for the single three-phase motor
with an extra leg of the inverter [12] or the two three-phase motor without the extra leg [13]
with single-phase grid supply. However, these configurations have one main disadvantage,
which is the pulsation current at double grid frequency of battery due to the use of a single-
phase grid. Another work is proposed in [17], where a single-phase quasi-Z-source rectifier
with an active filter is used. With the active filter to absorb the double grid frequency
ripple, the dc-link capacitor, inductor, and capacitor of the quasi-Z-source converter can
be reduced to gain a low weight and volume benefit. However, this converter requires a
sophisticated controller, especially to control the active filter.

To demonstrate that average torque during the charging process is null, several works
proposed it mathematically. Recently, finite element results are used to validate the average
torque of PMSMs [18]. However, such an analysis is rare for IMs.

This work focuses on a 7 kW ICI for HPEM. Common components are shared in drive
and charge modes. Weight, volume, and cost saving can be expected. The charging power of
7 kW is more usable in the real-world situation, where a 10-14 kWh battery pack can be fully
charged in approximately 2 h. Moreover, 50 km of range can be topped up within 20 min.

A two-stage ICI for AC induction machine (IM) powertrain with power factor correc-
tion (PFC) as well as battery charger functions are investigated in this work. ICI topology
and control algorithm are verified using circuit simulations. Finite element analysis (FEA)
determines the torque and losses of IM in charge mode. Finally, simulations are conducted
and some results are shown in the last section.

2. Integrated Charger-Inverter
2.1. Topology

The proposed ICI is used for a high-performance electric motorcycle (HPEM). The
HPEM is equipped with a 100 kW three-phase IM powertrain driven by a three-phase
inverter. In charge mode, six power switches from a three-phase full-bridge inverter and
IM’s phase windings are reconfigured and reused as a line filter, as well as a single-phase
bridgeless rectifier with power factor correction (PFC) and a bi-directional buck-boost
converter for the battery charger.

Figure 1 shows the topology of the electric powertrain in drive mode. It is a conventional
three-phase full bridge inverter. A battery pack is directly connected to the DC bus.

In charge mode, S1, S2, S3, and S4 help reconfigure the topology, as shown in Figure 2.
Phase-A winding of IM is used as a line filter. Two half-bridge legs (T1, T2, T3, and T4)
are controlled as an AC/DC PFC rectifier. Another half-bridge leg (T5 and T6) functions
as bi-directional buck-boost DC/DC converter connected to the battery pack through an
additional inductor.

The switches S1, S2, S3, and S4 must be controlled to ensure that they function correctly.
For driving mode, S1 and S3 are on, while S2 and S4 are off, as shown in Figure 1. In
charging mode, S2 and 54 must be on, while S1 and S3 must be off, as detailed in Figure 2.
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Figure 1. Integrated charger-inverter (ICI) topology in drive mode.
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Figure 2. ICI topology in charge mode. PFC, power factor correction.

2.2. Control Algorithm

When the converter system operates in charging mode and supposes that all devices
are ideal except inductors (L,, Ly, ), which contain parasitic resistances (r,, 1), the system
can be expressed in the averaged model as follows:

dig _
Laa = Vg —Talg — dpFCVBus 1)
dv . .

CBus% = dprcig — ip ()

di .
Lbd*f = dchVBus — 'bib — VBat 3)

dv ..
Co% = ip — Ipat 4)

where dppc € [—1, 1] and d, € [0, 1] are duty cycles corresponding to the switch turn-on
time during the switching period T = 1/f; for the PFC and charger, respectively. The
voltages vg and vps are the grid and output voltage, where vy, is the battery voltage. ig
and i, are the grid and battery currents, respectively.

In this article, we consider only the AC-DC PFC converter and battery charger; there-
fore, control of inverter in driving mode is not considered; it can be found in another article.

PFC rectifier control is done in a traditional way, where the cascade control method is
used. There are two control loops: inner-current loop and outer-voltage loop, as shown
in Figure 3.

Battery charger control is done using constant current (CC) and constant voltage
(CV) modes [6]. These modes can be easily defined using a relay with a hysteresis band
AVBat = VBatref — VBat- When vp,t is too far from Vp,y.f, the charger charges the battery in



World Electr. Veh. ]. 2021, 12,19

40f13

CC mode, and otherwise in CV mode. The output from the hysteresis relay is fed into the
mode selection block to define the current reference igaef for the current-control loop. Like
for PFC rectifier control, two control loops are used, where an indirect-sliding mode control
is used for the inner-current loop [19]; a PI controller is for the outer-voltage loop, as shown
in Figure 4. Note that ip,tef for the CC mode depends on a specification of battery, whereas
the PI controller’s parameters K, and T; are chosen to make the system stable.

VB, controller

yref
VBusref dy/dt \/E |gref* lgref
> 1/2CBusV2 (6) | H -
+ Vv
)
VBUS 2 .
YoCrusV° | Peat sin(ot )
Uty
Current controller —
u
igref + dPFC A
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Figure 3. PFC control block diagram.
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Figure 4. Charger control block diagram. CC, constant current; CV, constant voltage.

To control the output voltage, vp,s and stored energy y = (1/ Z)CVBus2 in Cgys are
considered [20]. Then, it can be expressed as follows:

. . s 2
y= CBus X VBus X VBus = Pin — g X 1g" — PBat ©)

where p,, is the input power drawn from the grid and p,,, is the load power.
Therefore, the following control law is used to control y constant.

yref - y +k (Yref - Y) + ko /(Yref - Y) dt=0 6)

The control parameters kj and k; can be determined referring to a damping factor £
and angular frequency wy, of the standard second-order system F(s) = s2 + 2£w,s + wn?,
so the controlled system is stable.

The input power p,, is the power needed for load, and it can be used as a reference
for the input-current loop of the PFC. The current reference can be obtained using the peak
current value, corresponding to p;,, which is nearly a constant multiple of a unit-sinusoidal
waveform. Then, it is fed to a PI controller to govern the input current to be a sinusoidal
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shape and in phase to the grid voltage. The PI's parameters are determined using a phase
margin in a Bode diagram.
Fpr (S) = Kp =+ 1/(Tis) (7)

For the charging control, a nonlinear control, an indirect-sliding mode is chosen.
This controller must be fast to mitigate fluctuation from both vg,g and circuit-parameter
uncertainty. For a controller based on linear analysis, linearization may be used to obtain a
model for design purposes. Instead, sliding mode control can use a nonlinear model [18].
For the constant current control, it governs as follows:

s = i, — iprer + Kj / (ip — ipref)dT 8)

with
s=-AXs 9)

Applying the time derivative result of (8), and then replacing it in (9), we can find d,
for Vt vgys > 0.

dy = [(=As + iprer — Ki(ip — ibref)) X Lp + b X ip + VBat] (10)

VBus

When the controller controls the system, its pole can be fixed by the value of A and K;,
e.g., A =K = 2nf; /10, where f; is the switching frequency.

3. Component Sizing

According to the topology shown in Figure 2, there are several capacitors and induc-
tors. Their parameter must be carefully selected to suit their needs. The following sections
determine their critical values based on the given specifications.

3.1. Inductors

In the PFC rectifier, only one inductor is usually placed in the circuit. Its minimum
value is as follows [21]:

(viv,)

Li=——1—"
7 4 x fy X Pyt

(11)
where /2V, is the peak input voltage, Pgy is the output power, and f; is the switching
frequency. For the charger, the inductor Lj, can be chosen based on the maximum allowable
ripple current Aiy, e.g., 2% [22]:

VBus

L= Bus
DT 4N X Ay

(12)
3.2. Capacitors

In the PFC rectifier without an active filter, only one capacitor is usually placed in the
DC link. Its minimum capacitance can be computed as in (13) [23].

PBat
Chus = 13
B ™ 27 X fgriq X Vus X AVpus (13

where fgiq is the grid frequency; AVpy is the peak-to-peak ripple voltage around the
desired output voltage Vg, €.g., AVpys = 25%, according to the parameters given in Table

1; and Cgyg has a minimum of 557 uF for Pp,; = 7 kW power requirement compared with
400-600 uF found in conventional OEM HEV/EV 100 kW inverters without an ICI feature.
However, the ripple voltage AVp,s does not cause any problem to the quality of charging
current thanks to the high-band width nonlinear current controller; the controller rejects
the ripple effect. For the capacitor across the battery C,, it is used to absorb the ripple
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current of the battery current. The maximum ripple voltage Avgyt, e.g., 1% can be used to
determine the value of C, as follows [22]:

VBus

= ‘Bus 14
® " 32AvpyLfs2 14)

3.3. Specific Power Comparison

Table 1 shows the OBC parameters from articles and OEM manufacturers. Specific
weight and power density can be varied from 0.41 to 1.1 kW /kg and from 0.61 to 2 kW /L.
The OBC cost in 2014 is approximately 83 USD/kW.

Table 1. On-board charger (OBC) parameters.

Manufacturer/Reference Specific Power = Power Density Cost Per kW

(kW/kg) (kW/L) (USD/KW)
2012 Nissan Leaf 6.6 kW OBC [24] 0.41 0.66 N/A
Tier one OBC 3.3 kW [24] N/A N/A 83
Eton N/A 2 N/A
Ovartech 6.6 kW Water-cool @ 1.1 0.61 N/A

@ https:/ /www.eaton.com/us/en-us/catalog/emobility /on-board-charger.specifications.html. @ https://
www.ovartech.com/?product=on-board-6-6kw-liquid-cooled-charger-200-420vdc.

Table 2 shows the estimated weight, volume, and cost of the proposed 7 kW integrated
charger-inverter. It must be noted that the main components, shown in Table 2, are added
to a conventional traction inverter so that the whole system can function as a charger.
The main traction inverter itself is considered as an existing component in the vehicle
and will contribute to achieve the ICI’s feature without any additional weight, volume,
and cost to the system. As a result, the additional components of the proposed ICI will
add approximately 1.19 kg, 0.64 1, and 75 USD to the system. The specific weight, power
density, and cost per kW can be computed as 5.88 kW /kg, 10.93 kW /L, and 10.71 USD/kW,
respectively. These values are much better than a conventional OBC.

Table 2. Additional components of the proposed integrated charger-inverter 7 kW.

Manufacturer/Reference Weight (kg) Volume (L) Cost (USD)
S2 (40 A, 450 V DC contactor) ® 0.15 0.11 30
S3 (10 A, 250 Vac 3-pole relay) @ 0.03 0.02 10
L;, (estimated) 1 0.5 30
Co (3 uF, 450 V) ® 0.0085 0.0074 5
Total 1.19 0.64 75

® https:/ /cotronics.nl/product/gpr040/. @ http:/ /www.farnell.com/datasheets/1993447.pdf. ® https://www.
mouser.vn/ProductDetail / Vishay-Roederstein/MKP1848530454K2.

Compared with the 6.6 kW integrated charger-inverter found in [25], it will add weight
of 1.6 kg to the conventional traction inverter, which is equivalent to 4 kW /kg specific
weight, as shown in Table 3. This value is quite similar to the one of the proposed ICI.

Table 3. Integrated charger-inverter (ICI) parameters.

Specific Power Power Density Cost Per kW
Manufacturer/Reference (KW/kg) (KW/L) (USD/KW)
Proposed ICI1 7.7 kW 5.88 10.93 10.71

ICI 6.6 kW from [25] 4 N/A N/A
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4. Simulation Results
4.1. Charge Simulations

Simulations were conducted in PSIM and MATLAB/Simulink environment using
the parameters given in Tables 4 and 5. Circuit components were simulated in PSIM and
coupled with control algorithms running in MATLAB/Simulink.

Figure 5 shows the results in steady state for Pp,; = 7 kW. The output voltage vpys
contains ripple voltage A vp,s of about 96.5 V, which is 24% of the reference voltage.

In Figure 6, one cycle of the grid voltage vy and grid current ig is illustrated. ig is
multiplied by 4 to increase its amplitude; it is close to the sinusoidal wave; therefore, the
system draws power from the grid with a high power factor. It can be seen from Figure
7 that PF is higher than 0.8 at the light-load condition. It reaches 0.998 when the output
power is higher than 6 kW.

Table 4. Converter parameters. PFC, power factor correction.

Parameters (Unit)

Grid voltage, Vg 230 Vrms
Grid frequency, foiq 50 Hz
Switching frequency, fs 20 kHz
Output voltage, Vpyg 400V
Maximum battery power, pg,; 7 kW
PFC inductor Ly, 15 (phase a winding) 1.3 mH, 0.015 Q0
Charger inductor Ly, 1y, (additional inductor) 10 mH, 0.015 O
Capacitor, Cpys 640 uF
Capacitor, C, 2.2 uF
Battery full voltage of 48 cells 201.6 V

Table 5. Control parameters.

Parameters (Unit)

PFC
- Kp, T; 0.11, 0.5 ms
- & wn 0.707,150 rad /s
- Ky, K 212.10, 22,500
Charger
- A=K 2mtfs /10 rad /s
- Kp, T4 0.01,0.1s

Figure 5 shows results in steady state for Pp,y = 7 kW. The output voltage contains
ripple voltage of about 96.5 V, which is 24% of the reference voltage, and the grid current is
illustrated, which is multiplied by 4 to increase its amplitude; it is close to the sinusoidal
wave; therefore, the system draws power from the grid with a high power factor. It can
be seen from Figure 7 that PF is higher than 0.8 at the light-load condition. It reaches
0.998 when the output power is higher than 6 kW. Figures 8-10 show the responses of the
system when Pg,; is changed slightly from 1.5 kW to 7 kW. The rate of current reference is
limited to four times less than Vg5 /L, to ensure that the system can be adequately worked
without any overshoot of the battery current, as shown in Figure 8. The waveform of
battery current shows that the high-band width nonlinear current controller can effectively
reject the ripple effect from vpys.

From the results, the output voltage vpys quickly returns to its reference after the
change of the battery current, while the grid current is in good shape. A monotonic
relationship between Avp,s and the grid current can be observed.
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4.2. Electromagnetic Torque

In charge mode, one motor winding is reused as a line filter inductor, as shown in
Figure 2. The input current passing through the winding may generate torque. While
simple equations can be computed to quantify the electromagnetic torque, finite element
analysis (FEA) gives more information on flux distribution and losses in the machine.

The first simulation in 2D FEA is realized with the hypothesis of sinusoidal current
input of 32 Arms. Figure 11 shows the electromagnetic torque stabilized in 100 ms, where the
average value is only 7.7 mNm. This torque level cannot move the electric motorcycle. The
losses calculated in 2D FEA without taking into account the end winding are presented in
Figure 12. Their values are very small. Thermal calculation is not necessary for this motor.

Input currents
—— Phase-A

50 1 ——— Phase-B

40 A ~—— Phase-C
30 +

20 -+

10 A

-10 ¢ 0 0 0 0 0
-20 1

-30 A

-40 -

Time (ms)

Current (A)
o

Electromagnetic torque

Torque (m.Nm)

0 20 40 60 80 100

Time (ms)

Figure 11. Electromagnetic torque with 32 A sinusoidal current input.

Motor losses

———Iron Losses
10 4 — Rotor cage
9 7 | ~— Stator Winding
8 - \ ‘
— 7 T
2 6
w
g >
g 4
3 -
2 -
1
0 — N N B NN - B e N |
0 20 40 60 80 100

Time (ms)

Figure 12. Losses of induction motor in 2D finite element analysis (FEA).
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The second modeling of the machine in 2D FEA is done in a more realistic case. The
harmonic 5 and 7 are taken into account in the input current. The results are shown in
Figures 13-15. The electromagnetic torque is stabilized for eight times longer than the first
simulation with sinusoidal current input. Even with adding the current harmonics 5 and
7, the average electromagnetic steady-state torque is only 16 mNm, and the losses do not
impact the thermal behavior of the machine.

Input currents

Phase-A
50 1 Phase-B

40 Phase-C
30 A

20 A

10

0 7 : 7 7 ]
-10 ¢ 20 40 60 80 100
-20

-30

-40

Time (ms)

Current (A)

Electromagnetic torque

200
180
160
140
120 1
100
80
60
40
20
0 -+ T T T 1

0 200 400 600 800

Torque (m.Nm)

Time (ms)

Figure 13. Electromagnetic torque with 32 A harmonic current.

Motor losses

Iron Losses
30 1 —— Rotor cage

“'l““l\l’nlnlulh.,

L e e e

0 200 400 600 800

25 1

20

15

Lossses (W)

10

Time (ms)

Figure 14. Losses in 2D FEA with harmonic current.
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Figure 15. Flux circulation of induction motor (IM) in charge mode.

5. Conclusions

An integrated charger-inverter (ICI) with an induction motor for high-performance
electric motorcycle is proposed. To reduce the weight, volume, and cost, the main compo-
nents are shared in drive and charge modes. The phase-A winding is used as an inductor
for PFC using the first two legs of the three-phase inverter, while another leg is utilized
to act as a charger with an additional inductor. The high bandwidth nonlinear controller
rejects the double frequency ripple on the dc-link and allows the charger to adequately
provide a constant current or constant voltage charging. The simulation results of 7 kW
system validate the proposed system. Finite element analysis (FEA) determines the torque
and losses of IM in charging mode and reveals that the torque productions are very small.
It is notable to move the rotor. In addition, losses of the motor from the FEA results are low.
Therefore, the proposed system can be implemented further.
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