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Abstract

This paper proposes a small signal modeling approach of a bidirectional integrated converter
configuration, which utilizes the traction inverter, motor windings and interleaved DC/DC converter for
charging applications. This modeling technique represents the power electronic converters (AC/DC and
DC/DC) as a transfer function that facilitates both Grid-to-Vehicle (G2V) and Vehicle-to-Grid (V2G)
operations. During the G2V mode, the traction inverter converts into an AC/DC converter, while during
the V2G mode, it operates as a DC/AC inverter, and the 3-phase interleaved DC/DC converter operates
in buck and boost modes for the G2V and V2G operations, respectively. Moreover, the controller design
based on the plant transfer functions is also a focal point of this paper. The inner current and outer
voltage loop controllers of the DC/DC converter are designed based on the k-factor approach. For DC-
link voltage control of the AC/DC converter, a dual loop control approach is adopted. Finally, the
performance of both control systems has been validated via performance comparison between switch-
based model and small-signal average system model in MATLAB/Simulink®.

Introduction

Researchers have been already implementing bidirectional configurations where the motor drive is
merged with the battery charging system, and the motor coil is utilized as a grid filter [1]-[3]. In such a
case, the motor winding utilized as a grid filter inductor in series provides higher inductance without
adding the external inductors and guarantees the torque-free operation without any circulating current
[1]. Tt is possible to achieve 65% power density improvement, 30% weight reduction with integrated
converter topologies via utilization of next-generation power electronics (e.g., SiC and GaN) and
integrated motor drive technologies [4]-[6]. According to the state of the art, the state-space averaging
techniques are used to model the power electronic (PE) converters which requires a complex matrix
manipulation of a large parasitic and passive component network [7]. Moreover, the designed controller
based on state-space technique has higher order harmonics which has significant influence on the
controller transient response [8]. Furthermore, PE converter modeling based on Lunze Transformation
is discussed in [9]-[10]. The drawback of this technique is the complexity of the controller design and it
increases with the number of phases of the PE converter.
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In this paper, the small-signal average (SSA) approach is utilized for modeling and control schemes
designing of a motor drive integrated bidirectional configuration, as discussed in [4]. The transfer
functions of a 2-level 3-phase AC/DC traction inverter and a 3-phase interleaved DC/DC converter are
utilized. Furthermore, based on the SSA model, the controller parameters for the feedforward control
(AC/DC) and dual-loop cascaded control (DC/DC) have been obtained to achieve less overshoot, better
stability and faster dynamic response during charging and discharging modes of operation. Finally, a
MATLAB/Simulink® simulation validates the dynamic response of the integrated converter model for
both G2V and V2G operations.

Literature Review of Integrated Converter Topology

The AC/DC converter is the core component of an EV battery charger known as an On-Board Charger
(OBC). The on-board charger comprises an AC/DC rectification with grid filter and DC/DC conversion
to transfer energy from the grid towards the battery [11]. The DC/DC stage of the OBC consists of
DC/AC, high frequency (HF) transformer and AC/DC converter. For this reason, conventional
bidirectional OBC becomes expensive and lossy due to transformer losses, and efficiency drops due to
galvanic isolation [12]-[14]. The vehicle manufacturer solved these problems by designing bidirectional
charging with CHAdeMO DC-charging interface [15]. The bidirectional converter topology removed
the galvanic isolation and reduced the power stages which leads to a better efficiency. The OBC of
different car manufacturers with associated V2X functionalities is depicted in TABLE 1.

TABLE I: State of the Art of OBC Systems of Different Car Manufacturers [16]

Car OBC Required Charging Rates ..
Manufacturer Type Ratings AC Charging DgC (%harging V2X Facilities
Nissan Leaf BEV 3.3kW/6.6kW 6.6 (7Th) 50 (35min) V2G (DC), V2H via
CHAdeMO
Mitsubishi Outlander PHEV 3.7kW 3.7 (3h) 22 (20min) V2H (DC), V2D via
extra electronic unit
BMWi3 BEV 11kW 11 (3h) 50 (25min) Under development
Toyota Prius PHEV 3.7kW 3.7 (2h 15min) - Not Capable
Renault ZOE BEV 22kW/43kW 22 (2h)/ - Under development
43 (45min)
BYD6 BEV 43kW 11 (6h)/ - V2G, V2V, V2D
43 (2h)
Tesla Model 3 BEV 15kW 11 (7h) 90 (1h) -
Hyundai IONIQ BEV/  3.7kW/6.6kW 6.6 (4.5h) 65(45min) -
PHEV

*V2G = Vehicle to Grid, V2V = Vehicle to Vehicle, V2H = Vehicle to Home and V2D = Vehicle to Device

Recently, vehicle manufacturers integrate their charging system with powertrains to reduce the power
stage as well as the power conversion modules. Figure 1 depicts a classic EV powertrain and on-board
charging system architecture, including the drivetrain power electronics (inverter) and the on-board
charging system (rectifier + DC/DC converter) as separate units [3]. A bidirectional integrated OBC
system proposed by Continental [4] is shown in Figure 3, comprising a Grid Interface Box containing
parts of the grid filter and star-point configuration. The e-Machine is part of the grid filter, the inverter
provides AC/DC rectification, and a DC booster adapts the DC-link voltage to charge the battery.
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Figure 2: Integrated On-Board Charging Technique to support (400V/800V) Fast Charger by
Continental (edited from [3]).
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Figure 3: Integrated On-Board Charging Topology for Renault ZOE (edited from [4]).

Additionally, Figure 2 shows the recent architecture of the Renault ZOE Chameleon charging system,
which has high power AC integrated charging capabilities up to 43kW [4]. The Chameleon charger
comprises the grid connected current-source AC/DC rectifier and 3-phase bidirectional converter.
Additionally, the motor windings are utilized as interleaved inductors during charging mode. Thus, the
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rectified DC voltage and current go through the star-point of the e-machine to the bidirectional converter,
which further adapts the DC link voltage to charge the battery. In this paper, the small-signal average
modeling and control technique of an integrated OBC are discussed in detail by considering the G2V
and V2G operations.
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Figure 4: Bidirectional Integrated Charger along with control strategy for the EV applications.

A bidirectional integrated converter topology proposed by Continental (see Figure 4) comprises mainly
the traction inverter and 3-phase interleaved bidirectional DC/DC converter with corresponding control
techniques. The topology maintains a constant 800-850V DC voltage from the 380Vrms AC input, and
the DC/DC converter provides a 400-450V DC voltage to charge the battery. The DC/DC voltage level
varies based on the battery voltage response and the operating mode (e.g., G2V and V2QG). During the
G2V operation, the mentioned traction inverter functions as an active rectifier, and during V2G
operation, this converter functions as an inverter. The interleaved DC/DC converter adds the features of
DC charging flexibility which means it can support both 400V and 800V fast DC charging.

Small Signal Average Modeling Technique

Generally, the switching devices consist of transistors and diodes. During continuous current conduction
mode (CCM) operation of a PE converter, the transistors and diodes can be replaced by current and
voltage-dependent sources, respectively. In this modeling technique, the drain-source voltage and
current of a switch are considered as the summation of small-signal and average components.
Here, i and v denote the drain-source current and voltage, respectively, and equations (1) and (2) are
used as the base of the small-signal average switch modeling technique.
is=drip=(d+D)(i;+1,)= di;+ Di;+ dI, + DI, (1)
vps = drvg = (d + D)(v, +Vp) = dv, + Dv, + dV, + DV, (2)
where i, [; are the small-signal and average component of the inductor current, and d, D represent the
same for the duty ratio. During the small-signal modeling, the double small-signal terms di; and dv,
can be neglected because d <K D, i; < I and v, < V.

Small Signal Transfer Function of Traction Inverter

In Figure 5, e,, ep, and e, are the 3-phase grid voltages. The mathematical model of an AC/DC converter
in the d-q frame is expressed in equation (4)-(5) with the help of matrix T, as shown in equation (3). The
small-signal model schematic of the AC/DC converter in CCM mode is shown in Figure 6.

\/~l cos(wt) cos (a)t - %n) cos (a)t + 2?”)

. 21 . 2T (3)
—sm(a)t) —sin (a)t - ?) —sin (a)t + ?)
Vg = eq — Lg dt — Tslg + wlgig 4)
dig . .
Vg = eq— Lsg —Tslg — wlgig (%)
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where o is the frequency, Lsis the input inductance, 1, is the inductive resistance, vq, vq are the d-q
components of supplied voltage at the converter terminal, and 14, iq are the input currents in the d-q
frame.

As the system is nonlinear and time-invariant, the small-signal model is developed based on the average
signal model [17]. The equations in TABLE II can be expressed in matrix form, as illustrated in
equations (6) and (7) with average and small-signal components:

Ts
iq 1 [Dq 1 [dg [P N1 ¥
dt[ ] Ls eq - L_s Dq] Vac — Lg [d ]Vdc ) [iq] ©)
dvdc ld d _ Vdc
at  2c D 2c Iy CRy

q i
Here, vqc represents the dc- 11nk voltage, C is the output capacitance, and Ry is the load resistance. The
transfer functions of d-axis current-to-duty (6% (s)) and dc-link voltage-to-duty (G,q(s)) are shown in
equations (8)-(16) [18]. Here, the q component of the current is zero due to a unitary power factor
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TABLE II: Mathematical Expressions of Traction Inverter (Rectifier Mode)

Coqtrol to d-axis Current Control to dc-link voltage
PR o SEURROR e ey
Gain G = T8 (10) Gav = s (11)

Zero Wria = T (12) wny = TC2E (13
Denominator s?+ 2lw,s + w? (14)
gsz:;::lcy =@1-D) 3rc (15)
" = G

Small Signal Transfer Function of Interleaved Bidirectional DC/DC Converter

In charging mode, the charging power flows from the dc-link to the battery through the DC/DC
converter, as shown in Figure 7. Thus, the dc-link voltage acts as input to the converter, and the battery
side (low voltage) operates as output and vice versa. Therefore, the DC-DC converter works in buck
mode during the G2V operation and boost mode during the V2G operation. The small-signal model of
the 3-phase interleaved DC/DC converter is expressed in equations (17)- (35) in TABLE III [19]-[20].
The small-signal model schematic of the DC/DC converter in CCM is shown in Figure 8.
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TABLE III: Mathematical Expressions of DC/DC Converter (G2V and V2G Mode)

Control to inductor Current

Control to Output voltage

Transfer ) _ () _ _ Vo(s) _ S+wzy
Functions Gia(s) = a(s) Gra(s) = dis) Wy 2{cpw.SHs+ ((uCH)Z
Gai S i (17) (18) i i
ai s2+ 2<CH(A).$1HS+ ((A)gH)Z
Gain = Lo — _VoRoTe
Gar = 22 (19) Gav = o= (20)
Zero = 1 _ 1
=G @D O = o (22)
Denominator s+ 2{cpwif s+ (w2 (23)
Natural CH _ _Co(riRo+1i1c+Ro1c) (24)
Frequency n 2y/LCo(Ro+7c) (11 +R,)
Damping Ti+R
Ratio Ccn = ’—LCD(RO':rC) (25)
DC/DC Converter (V2G Mode)
Control to inductor Current Control to dc-link voltage
iL(s) Vac(s)
Fumctions Gia(9) = 35 = Goa($) = S5y =
(s+wgi) (5+wzp1) (S—Wzp2)
i 26 G 27
ai 524 28y, wh 20 s+ (w,‘{zc)z (26) v s2+ 2{ypcwp O s+ (wKZG)Z @7
Gain = Vo — _ ~VoTe
Gdl B r1+3(1-D)?R, (28) de (1;D)(Ro+rc) (29)
Zero 1 = 1 (1)
Wy =——  (30) g
2L Co(Rotre) Wy = 3(1-D)’Ro—1i (32)
L
Denominator S2 4+ 28wl ?0s + (w)?%)? (33)
Natural _D)2
vag _ [1t3rcRe(i-D)?
Frequency Wn™" = 2LCo(Ro+7¢) (34)
Damping _ L+Co[riRo+7iTc+3(1-D)?R,7c] (35)
Ratio V26 ™ 5 [LCo(Ro+7)[r1+3(1=D)2R,]

Controller Design Approaches

Controller Design for Bidirectional Interleaved DC/DC Converter

A cascaded structure of control system for bidirectional interleaved DC/DC Converter is shown in
Figure 9. It comprises an outer voltage loop and an inner current loop which is ten times faster than the

voltage loop.
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Figure 9: Dual Loop Control Structure of Interleaved Bidirectional DC/DC Converter with PWM.

The fast-inner loops are used to regulate the average inductor currents, iL;, iL, and iL; using k-factor
based lead-lag controllers. The continuous duty ratios from the controllers are then sent to the PWM
modules for the generation of the switching signals for six power semiconductor modules. A phase shift
of 1/3fsw is added between adjacent PWMs for interleaved switching. The output voltage is controlled
using the slower outer loop, also with a lead-lag controller. The advantage of the dual loop is that it
decouples the two loops and requires only a single lead-lag controller per loop. The precise design of
these controllers depends on the adapted control algorithm technique. The type-II ‘k-factor’ approach is
well-established in the literature for the design methodology of the PI controllers [21]. The controller
structures are shown in equation (38). The controller loop gain K, has been calculated using equations
(36) and (37). The design procedure of ‘k-factor’ approach is depicted in equations (39)-(44).

N

1 —_
I _ wz
Ge' = Ke s(1+ wip)
Step 4: Calculate k-factor Kj,,,.
Kpo = |tan(Z22 + 45°)| (41)

Type Il Controller Structure: (38)

Step 1: Select 0-dB crossover frequency for

compensated system. Typically, f, = fls—;” (39)

Step 5: Calculate pole-zero location w, and w,.
Step 2: Select phase margin @, for closed wy = Kpo X 21, (42)
loop system which is typically 60°. w, = ZI(LfC (43)
bo
Step 3: Calculate phase boost @y, Step 6: Calculate controller gain K.
Yo = —90 + Pmg — [(pG(fc) - 3600] (40) K, = 1 (44)
T®lp=r,

The calculated controller transfer functions of DC/DC converter for both G2V and V2G operations is
given in TABLE IV below:

TABLE IV: Type-II Controller Transfer Function for G2V and V2G Operation

G2V Operation

V2G Operation

Voltage Controller

Current Controller

Voltage Controller

Current Controller

s +1942

G =
() = 50002157 + 038915

s+ 5351

Geuw puer (%) = 500257 + 13355

s + 2504
Gey(s) =

0.00025s2 + 0.972s

s+ 4634

Gei(s) = ——— 2~
() = 5003252 + 16725

Controller Design for Active front end (AFE) Converter

The controller design of the AFE converter is discussed in this section. The dual-loop control approach
is used and comprises the outer voltage control loop and inner current loop for the d-axis and g-axis
current control [22]. Equations (4) and (5) depict that it is possible to obtain v4 and vq by adjusting ig
and iq, respectively. The vq and vq references can be calculated by following equations (45) and (46).
Therefore, the injected current can be modeled as equations (47) and (48). Finally, vq and v4 can be
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expressed as functions of v, v4 and iy, i; which is shown in equations (49) and (50), where K, and K;
are the proportional and integral gains, respectively.

va = Ls— -+ Tl (45) tq(s) = st d (s) (47)
. dig . .
Vi = Lsg + hia “5) AR “
K:
vy = eq + wlsiy — (K, + ?‘)( i — ig) (49)
, Ki .. .
Vg = eq +wliy — (K, + ?l)( g — iq) (50)

The control system of the AFE converter is shown in Figure 10. The formulation of each controller and
their optimization is carried out using gain margin at gain margin frequency and phase margin at the
crossover frequency. Inner loop current controllers are designed at the crossover frequency of 1/(10 fs),
and outer closed-loop voltage control is designed at the crossover frequency of AC line frequency SOHz.
The PI-controller transfer function is shown in equations (51) and (52).

es—?’/-) abc =Pl af |
—»| PLL |—po - —>
o—» af |yl M puy 110
I Goy = 02+ — (51)
i =23 abc el ap |
=2,
sy 7 =
0
Lo
% EVIN P AN I
AL S Ly €
—» ap |y abe 3 23
3 G = 002+ (52
R~

—

Carrier

M

Figure 10: Dual Loop Control Strategy of Active Front-end Converter
with PWM

Simulation Results and Discussion

A simulation model of the integrated bidirectional converter at 30kW nominal power has been
implemented in MATLAB/Simulink® platform. The battery specifications of the simulation are given
in TABLE V.

Table V. Battery Specifications for Simulation

Description Values Description Values
Battery nominal voltage 390V | Discharging current command (V2G) | 35A
Battery capacity 40Ah | Initial state of charge (SoC) 60%
Charging current command (G2V) | 75A G2V and V2G Transition Isec

In this paper, the inner current loop is 10 times faster in operation than the outer voltage loop for both
converters. Both converters are operating in a stable region which is validated by the bode plot. For
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instance, Figure 11 and Figure 12 are illustrating the frequency responses of the current and voltage
control loops of the DC/DC converter. The faster inner current loop becomes stable with high gain
margin and 60° phase margin. Moreover, the slower outer voltage control loop becomes stable with
21.2dB gain margin and 60° phase margin. On the other hand, Figure 13 shows that the direct current Iy
of the AC/DC converter becomes stable after 20ms without overshoot. The switch average and small
signal average model performances are shown in Figure 14 where the direct axis current reaches steady
state with a settling time of 3.1ms. Therefore, the dc-link voltage, which is the output of the AC/DC
converter, is controlled within the specified voltage range.

Bode Diagram Bocle Diagram
Gm = Inf dB (at Infrad/s) , P& 60 deg (at 1.57e+04 radfs) Gm = 21.2 dB (at 9.22e+03 rad/s) , Pm = 60 deg (at 1.57e+03 rad/s)
; 100 N T i P
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Figure 11: Magnitude plot of Inner Current Loop of ~ Figure 12: Phase plot of Outer Voltage Loop of
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Figure 13: Controller performance during direct Figure 14: Simulation of direct axis current (Id)
current (I4) control with average and switch model.

The battery performances during G2V and V2G are illustrated in Figure 15 and Figure 16. The
mentioned figures compare the current and voltage dynamics of the switch average model with the
small-signal average model in MATLAB/Simulink. The simulation parameters are listed in TABLE V1.
The simulation results verify that the small-signal model explained in above section is valid for any
operating condition.

Table VI. Simulation Parameters

Description Values Description Values
DC-link Voltage 850V | Converter Side Inductance | 0.18mH
Battery Voltage 450V | Grid Side Inductance 0.2mH
Nominal Power 30kW | Interleaved Inductance ImH
DC-link Capacitance | 640uF | Filter Capacitance 1000pF
Switching Frequency | 20kHz | Fundamental Frequency 50Hz

Both the average and the switching models have similar dynamics with a load of 30 kW. Until t = 1s,
the system works in charging mode and absorbs power from the grid. After t=1s, the mode switches to
V2G, and it supplies energy back to the grid. The dc-link voltage is remaining around 850V in both
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modes, as shown in Figure 17. The dc-link voltage increases from 850V to 940V at t=1s. Then the
voltage returns to the stable voltage level after 10ms, and the ripple is about 8V.

s \/bat_Switch Model 60.03 -

435 | s \/bat_Switch Average Model | |
Vbat_SS Average Model
L »0 f ‘ i 60025 -
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Figure 15: Switch Average Model and Small Signal
Model performance of Battery Voltage and Current

Figure 16: Battery SoC Profile during G2V
and V2G Operation

The grid current is around 75Arms flowing through the system during charging which is shown in
Figure 18. It can be seen from the figure that the grid current drops at t = 1s during the transition from
G2V to V2G. The THD of the grid current is 6.59% during V2G and 5.34% during G2V operation.
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Figure 17: DC-link Voltage Comparison
between Switch and Average Model

Figure 18: 3-@ grid currents with THD. The grid
current THD is 5.34% (G2V) and 6.59% (V2G)

The controller performances are shown in TABLE VII for both converters. Both PE converter
controllers need less than Sms to stabilize the output response of the PE converters. Moreover, the
overshoot of the dual-loop controller for the AFE converter is slightly higher than with k-factor-based
controller. A relatively high degree of accuracy has been achieved between switch average and small-
signal model results.

Table VII. Controller Performance on Qutput Voltage Response

k-factor-based controller AFE Controller
Switch Average Small Signal Switch Average Small Signal
Model Average Model Model Average Model
Overshoot 0.33% 0.28% 1.76% 1.34%
(1.5V) (1.3V) (14.96V) (11.39V)
Settling Time 3.6ms 2.8ms 3.5ms 3.1ms
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Conclusion

In this paper, an average switch-based small-signal modeling approach of a bidirectional integrated
converter for electric vehicle powertrains has been proposed and verified. Moreover, the mathematical
formulation of the output voltage-to-duty cycle and inductor current-to-duty cycle transfer functions for
3-phase bridge AC/DC and 3-phase interleaved DC/DC converters with a dual-loop control model has
been developed. The dynamic performances and stability of the integrated charger topology for both the
G2V and the V2G modes are verified using MATLAB/Simulink®. The comparative simulation study
shows that the dc-link voltage ripple is lower than 5% for a 30kW load operation and the maximum
settling time is lower than 4ms. Furthermore, the THD for grid current is less than 10% for both G2V
and V2G operations. These results are verified the feasibility of the proposed small signal model and
control performance of a integrated bidirectional converter for electric vehicle application in V2G and
G2V mode. In the future, a laboratory prototype of this proposed topology will be prepared for hardware
validation and digital twin implementation.
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