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1 | INTRODUCTION

Abstract

This paper presents the discrete-time modelling and control of modular input-parallel—
output-parallel (IPOP) dual-active-bridge (DAB) converters for electric vehicle (EV)
charging. The proposed adaptive control system ensures adequate current-sharing among
parallel modules while minimizing DAB current stress by adopting dual phase-shift mod-
ulation. Driven by the growing need for fast EV charging options, the paper highlights the
importance of achieving top-notch control performance, especially with varying load con-
ditions. Specifically, it introduces a discrete-time model for adjusting controller parameters
adaptively, which simplifies the typically cumbersome manual tuning process associated
with these systems. The proposed PI formulae are derived to satisfy specifications on the
frequency domain as phase margin and the gain crossover frequency of the open loop
gain transfer function, ensuring stability and robustness in operation. Moreover, the imple-
mentation of these formulae in discrete microcontrollers facilitates seamless PI autotuning
for precise current, voltage, ot power control. Notably, the proposed control strategy effec-
tively mitigates current overshot issues commonly encounteted duting module engagement
and shedding operations in modular EV chargers. To validate its efficacy, the proposed
controller is evaluated through extensive testing and comparisons within the PLECS
environment, particularly focusing on a two-module IPOP-DAB converter scenario, and
including comparisons with classical offline model-based pole placement methodology.
Furthermore, real-time hardware-in-the-loop experiments are conducted to confirm the
feasibility and performance of the proposed controller under realistic EV charging profiles.

for the advantages of simple structure, high power density,
and the possibility to achieve soft-switching with a consequent

Growing concerns regarding increasing air pollution and climate
change due to the usage of internal combustion engine vehi-
cles have ignited a revolution in transportation electrification [1].
This shift necessitates the development of suitable EV charging
infrastructure tailored to the diverse voltage and power require-
ments of different EV manufacturers. Furthermore, to enable
rapid charging capabilities, long-range EVs necessitate extreme
fast charging (XFC) stations. This topic has been recognized as
a significant research goal in recent literature [2]. Therefore, it
is crucial to increase charger power ratings and develop control
strategies that can adapt to any load conditions.Among the dif-
ferent DC/DC topologies, the DAB converter is widely adopted

expected high efficiency [3]. Furthermore, its symmetrical struc-
ture opens to bidirectional power flow management and the
galvanic isolation guarantees a high level of protection against
faults for people and devices as well as compliance with EV
charging international standards (e.g. IEC 61851-23) [4].

The possibility of combining more DAB converters into
modular structures (modular DAB) has been attracting a lot of
attention to easily scale up or down the system based on the
desired power flow. In particular, the architecture referred to
as input-parallel—output-parallel (IPOP) offers the possibility
of managing high-input and -output current, i.e. high-power
flows [5]. Modularity is a common approach in EV charging
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applications in virtue of the easier maintenance, converter
reconfigurability, lower marginal cost, and improved reliability
[4, 6]. Additionally, modularity allows for the usage of the highly
rewarding phase-shedding (module-shedding) technique to
ensure overall high-efficiency operations throughout the whole
charging process [7]. In fact, the power is shared flexibly among
a dynamic number of modules according to EV models and
state-of-charge (SOC). However, parallel converter connection
introduces significant issues. One of these is the design of the
current sharing control for compensating module non-idealities
mainly due to differences in the transformer parameters. These
differences can lead to high levels of stress in some of the
modules composing the whole architecture with a consequent
increase in losses and accelerated aging [8].

Several control strategies aimed at mitigating these problems
can be found in the literature. Among these, it is possible to
mention the widely known average current method [9], the
master-slave control, [10] and the droop control [11]. Each
control strategy must be adapted to the chosen DAB modu-
lation technique. In this regard, an overview and comparative
analysis of the most popular single-phase-shift (SPS) modula-
tion, dual-phase-shift (DPS) modulation, extended-phase-shift
(EPS) modulation, and triple-phase-shift (TPS) modulation, can
be found in [12]. SPS modulation is the most common con-
trol method mainly because of its simplicity. However, this
technique allows for a limited range of soft-switching with a
deriving back-flow power (also known as circulating power)
that leads to an increase in the current stresses for switches
and magnetic components with a consequent increase in losses
[13]. On the other hand, the remaining phase-shift modula-
tion techniques can offer a wider power transmission range
achieving a higher level of transferred power with the same
current stress than the SPS modulation [14]. Nevertheless, the
required modelling and procedure for the controller design
under DPS, EPS, and TPS modulations are more complex,
since they require managing multiple control variables [15]. In
industrial settings, the implementation of controllers in con-
junction with such modulation techniques remains a relevant
challenge [16]. Among the vatrious modelling techniques avail-
able for setting controller parameters, the classical state-space
averaging (SSA) technique is suitable when dealing with con-
verters like a buck, boost, and buck-boost, where small ripples
affect state variables [17]. On the other hand, for DAB con-
verters, the generalized average modelling technique (GAM)
and its improved versions are commonly employed. These
methods rely on Fourier series representation to model con-
verter waveforms, applicable across different modulation types
[18]. However, the omission of higher-order frequency com-
ponents in the GAM model can impact accuracy, especially
in the low-frequency range [19]. This effect can be mitigated
by including the third harmonic in the state variables of an
improved version of the GAM model, though at the expense of
increased model complexity. Meanwhile, the average value mod-
elling (AVM) technique offers a reduced-order model for the
DAB converter. Here, semiconductor switches are represented
by dependent current sources, derived by averaging inductor
currents over half-cycles. Overall, AVM demonstrates good

accuracy in large-signal and steady-state scenarios. Nonethe-
less, it tends to exhibit lower accuracy in small-signal analysis
at higher frequencies, increasing the control complexity, partic-
ularly with advanced modulation techniques [20]. In addition
to the challenges related to the modelling of the modular con-
verter, conventional trial and error or model-based fixed PI
tuning methods often struggle to maintain satisfactory system
performance beyond small deviations from the selected tun-
ing point of the DAB converter. Uncertainties and vatiations
in system dynamics can cause instability and poor performance
of the controller [21]. This limitation is due to the nonlinear-
ity of the converter that cannot be extracted by its linearized
model [22]. Since the battery load has a large variation during
the entire charging process, a smaller control gain is suitable
at a low state of battery charge, while a larger control gain
is suitable at fully charged conditions [21]. It follows that PI
controllers based on fixed patameters cannot achieve opti-
mal control over the entite battery charging process [21]. The
model predictive control (MPC) could be a good alternative
for its ability to deal with multi-objectives in a unified frame-
work and its competitive performance over offline techniques.
However, this control requires a high computational effort
and high algorithmic complexity, especially in modular config-
urations [23]. Moreover, significant static errors may arise in
output-controlled signals and power distribution when there is
a substantial mismatch between the model and circuit param-
eters [24]. Notably, the primary factor influencing the control
of modular DAB converters is the mismatch in inductance
parameters. Addressing these errors typically involves either
the addition of a PI regulator, despite its tendency to degrade
dynamic performance, as discussed in [25], or the implementa-
tion of parameter identification algorithms aimed at accurately
identifying inductance in real-time, as explored in [24]. Addi-
tionally, the control under the two constant current (CC) and
constant voltage (CV) charging phases requires referring to two
transfer functions and consequently, two distinct PI controllers
have to be designed. Finally, the management of transient phe-
nomena that can occur at the change between the CC and CV
controllers is still an open research issue [20]. This study has
several objectives. Firstly, it aims to introduce a control scheme
for the inner and outer phase shift ratio control of IPOP DAB
converter under DPS modulation. This scheme is designed to
meet the requitements of current sharing among the modules,
reduce current stress, and provide modularity towards the num-
ber of DAB modules. Secondly, the study aims to propose an
adaptive model-based strategy for tuning parallel PI controllers,
with each controller assigned to a module. This strategy aims
to address issues encountered with conventional trial-and-error
and fixed-tuning procedures. Thirdly, the study aims to develop
a control strategy for seamless switching among CC, CV, and
power battery charging modes, without experiencing current or
voltage undershoot/overshoot. Lastly, the study aims to present
a digital control mechanism for soft module engagement, dis-
engagement, and complete module shedding throughout the
battery charging process. This control mechanism is designed
to improve converter efficiency by preventing output current
oscillation or overshoot.
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The strategy was introduced for the first time for SPS
modulation of a single DAB converter under CV control in
[27]. In this work, its application is extended to parallel DAB
under DPS modulation owing to the ability to switch among
CC, CV, and power mode control. In particular, parallel con-
trollers, one for each module, are real-time tuned to meet
the desired total output current and share it equally among
the modules. To address the underperformance of fixed PI
parameters previously described, real-time adjustments to the
proportional—integral (PI) parameters of the controller are
made based on measurements of the load droop coefficient.
This dynamic tuning approach ensures the control algorithm
remains effective even under large load variations during the
charging process. By avoiding saturation or unstable behaviour
that may result from fixed PI parameters used in manual pro-
cedures, this method enhances overall system stability and
performance. The PI controller outputs are used to calculate the
PWM signals under DPS modulation of each DAB converter
with the help of nonlinear equations detived by Lagrange’s mul-
tiplier method [16] to minimize the DAB current stress [14].
The selected form of the discrete-time controller is the PI regu-
lator, which is widely utilized in power converter control for its
robust performance, its functional simplicity, and its capability
to automatically guarantee zero steady-state error on DC step
response. The proposed simple discrete formulae for autotun-
ing PI parameters exactly meet design specifications on phase
margin and the corresponding crossover frequency using the
so-called inversion formulae design method [28]. These formu-
lae can be easily implemented in a control algorithm and library
block and used for different types of batteries. The crossover
frequency can be set based on the charging process phases to
avoid current overshoot and slow step response in large and
small step variations.

There are several advantages of the proposed simple discrete
formulae for adaptive tuning over manual procedures. Mainly,
the proposed control strategy reduces the time and effort to
find a satisfactory system behaviour, since the closed-loop solu-
tion can be obtained by mathematical equations. Moreover, the
proposed control allows for stability and performance analysis
since it is a model-based strategy, which is not possible with
manual procedures. In comparison with fixed PI parameters
obtained by model-based procedures as the pole place method,
the proposed adaptive control avoids unstable behaviour under
different load conditions and leads to a faster step response
under battery current step variation. According to load condi-
tions, the proposed self-adaptation load change control strategy
automatically selects the suitable control mode among CC, CV,
and power control, while manual procedutres lead to an off-line
control mode. By utilizing the flexibility and ease of imple-
mentation of discrete microcontrollers, the proposed discrete
algorithm implements both voltage and power controls in the
form of current control where the desired battery current is
derived by Kirchhoff’s laws considering the voltage and power
reference values. One of the major advantages of this approach
is that it allows for the use of the same PI controller and tuning
parameter formulae for CC, CV, and power control. Moreover,
a first-order discrete filter has been used in the microcontroller

to implement a new discrete soft engagement and module
shedding, aimed at mitigating the current overshoots. In pat-
ticular, this filter adjusts the slope of a reference signal during
these operations, thereby preventing immediate engagement
or shedding of the converter in response to reference current
step variations.

The paper is organized as follows. The working waveforms
of the process operating modes and the nonlinear small-signal
model of IPOP modular DAB converters with DPS control
are analysed in Section 2. Section 3 presents the proposed
discrete-time model, the current sharing control strategy with
reduced current stress, and autotuning PI algorithm. Test results
in the PLECS simulation environment in CC, CV, and power
modes under parameter variations, the comparison with other
methods, and frequency analysis on Bode diagrams are dis-
cussed in Section 4. Verification through hardware-in-the-loop
(HIL) results are shown in Section 5. In the last section, the
conclusions derived from this work are drawn.

2 | BACKGROUND ON IPOP DAB
UNDER DPS CONTROL

The considered IPOP DAB topology is shown in Figure 1. The
structure consists of /V parallel modules having the same electri-
cal parameters. This modular structure can be used explicitly in
the XFC stations to reach a certain power level with lower com-
ponent ratings. Input and output sides of IPOP DAB converter
are characterized by the DC-bus voltage 1. and the EV battery
voltage 1, respectively. The global input and output currents
7 and 7, are the corresponding sums of the 7th input and output
currents 7; and 7, of each module. The output capacitor C is
characterized by the voltage 17, the current 7., and the equiv-
alent series resistance R, while the battery current is denoted
as 4. Each DAB module is characterized by two H-bridge
interconnected through a high-frequency transformer with pri-

mary and secondary voltages », and #, and turn ratio 7 The

power transfer is given by the clt)lrrent /7, flowing in the leakage
inductor L. The voltage global conversion ratio is defined as
K = Vo) (1Vhy)-

Gate signals under the considered DPS modulation are char-
acterized by constant switching frequency f,, (switching period
is indicated as 7;) and 50% duty cycle. The converter power flow
in each DAB module is regulated through the inner phase shift
0 < Dy <1 between H-bridge legs and the outer phase shift
0 < D, < 1 between the primary and secondary H-bridge [29].
In the mind to preserve the full controllability of both phase
shifts, the so-called independent surface is avoided by setting
Dy + D, < 1[30, 31]. Therefore, the two admissible switching
modes are:

* modelOSD1§D2§1,
® modeZOSDZSDlﬁl

The working waveforms under both operating modes are
shown in Figure 2, while Table 1 reports 7; at each switch-
ing event considering Gy = #14,./(4 fowl); considering the
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FIGURE 1 IPOP dual active bridge converter scheme.
Up Dy Le Up D L 2.1 | The small-signal model
t t The nonlinear model of the converter can be derived from DAB
powet:
Vs < D1 % vs <« D1 % - -
P= T/;1cll = T/batZZ
T [
N N S o7 2
DaZ DaT Vi Vi 2D, (1= Dy) — D}, model (2
‘- : ‘ : 4Lfw S\ Dy2—-2D,,—D,) mode2
[ [}
i ) i :
ron Lo where the barred variables represent the average values over a
| I I I | I
P A switching period of the correspondent currents [32].
toty tats totr tats b From Equation (2) the converter input and output currents
@ (b) can be expressed as nonlinear functions of the 2/NV control
FIGURE 2 DAB waveforms (K = 1). (a) mode 1; (b) mode 2. variables Dy; and Dy; as:
( iV
2
N G Y. [2D5,(1 = D)) = D?] model
- . i=1
TABLE 1  Current 7 at the switching instants in mode 1 and mode 2. n = Z ;= 3 N
i=1 <
Time Mode 1 Mode 2 G Z D,;2-2Dy; — D,;) mode2
} } =1
% G D - DK =D +2(Dy =Dy GO - 1)K -1) FN X
ho GO = 1)K =1) = 2K(D) = Dy)] Gi(Dy = 1)K — 1) N G, Z [2D,,(1 = Dy)) — D?| model 3)
h Gy [(Dy = 1)(K = 1) + 2KD, ] Gy [(Dy = 1)(K = 1) + 2KD, | = . =1
12 = Zz{ = 3 N
5 G (1=D)K=1)+2D,)] G [(1= DK =1) +2D,] = .

half-wave symmetry the remaining values can be easily deduced

[14]. The maximum value of 7; in both modes is given by:

o {zy‘@:@[(l—Dl><1<—1>+202]

K2>1

ir(h) = G (D)= 1)K —1)+2KD,] K < 1

If K =1, values 7; () and 7; (3) ¢
Figure 2.

)

oincide as displayed in

Gy Y Dy(2=2D;; = Dy;) mode2

L =1

G = 71V a G = nVge

AL SAnL

When D;; =0 and D,; = 0.5 output current ;2 reaches its

maximum value NG, /2; this coincides with SPS operations.
Assuming that input and output voltage perturbations are

negligible, the small-signal output current can be written as:

N
Hht) = z (g1 + g02idh;) @

=1
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FIGURE 3  Small-signal model of the battery section of the IPOP
DPS-DAB converter system.

having:
221. —ZGQDU model
&ili = 5 = )
1 1db;=0 —2GyD,; mode2
b 2G,(1 = 2Dy)) model
&i2i = 57 = (6)
i 13=0 2G,(1 = Dy; — D,;) mode2

where dy; and dy; are the small-signal inner and outer phase shift
of the 7/th DAB module. A visual representation of the small-
signal model is available in Figure 3.

3 | PROPOSED CONTROL MODEL AND
STRATEGY

The main idea of the proposed control procedure is to consider
the desired values of output currents 7; of each DAB converter
as the discrete control output variables rather than the PWM
phase shift ratio D;; and D,,. Considering the Thévenin model
of the battery shown in Figure 4, where 1. denotes the bat-
tery open circuit voltage while R is the droop coefficient, the
discrete-time system to be controlled has the following linear
transfer function:

_ ;bat(z) — Rc %—16
nR) R+Rz-a

SR )

having:

15

a=¢ cwrg; B = EHEOITR ®)
Rc

! 12 Tt

IPOP DAB
converter

FIGURE 4  Output circuit with the Thévenin model of the battery.

Module N
o2
Ir%(z) /4 Mo_dulcl _>—>
+02) PI(z) iz1(2) S(2) i1 >—>
_*f

FIGURE 5 The proposed control structure with current sharing strategy
for PI design.

Equation (7) has been originated by the Z-transform of a zero-
order hold:

_ T
H =, )

with sampling time 7 and the continuous-time model:

zbat("r) Rc s+ b
= — = 1
6 H(s) R+R.s+a (10)
having:
1 1
= — = — 11
= CRIR) Tere an

which has been detived by the circuit Kirchhoff’s laws of the
output circuit shown in Figure 4, similatly to what is shown in
[27].

The proposed control scheme ensures that each IPOP DAB
module achieves equal current sharing by implementing paral-
lel controllers, with one controller assigned to each module as
depicted in Figure 5. The control signals for each converter are
adjusted differently, such that the share of battery current 7,
provided by each module tracks /,.¢/ V. The following equation:

S - by
Ly = batTls (12)
n

establishes the relationship between the module currents 7,; and
the corresponding fraction of battery current 7,;, which can be
expressed as 7,; = S(3)%;, following the superposition principle
mentioned in [33]. A good current sharing is achieved when all
the currents 7, ate equal to ¢/ V.
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In the case of CC charging mode, /¢ directly represents the
desired charging current. On the other hand, CV operations or
yield power control are achieved by setting:

f I/Zc
]rcf_ = R . > (13)
_ I/UZL + 4Rprcf - T/oc
Leg = , (14)

having 1. and B¢ as the intended charging voltage and power
respectively, while the droop coefficient R is estimated as:

(15)
The selected discrete-time PI controller presents the form:
z+1

The corresponding frequency response can be written in
polar and Cartesian forms as follows:

Pl(w, 1) = M(@, 1)/ = K —

where M (w, 1;) and ¢(w, 7;) are the magnitude and the phase of
PI(w, 7). Since the model (7) is a type zero system, the steady-
state requirement is satisfied by the pole at —1 of the controller.
The two PI parameters can be used to meet specifications on
the phase margin ¢, and the gain crossover frequency w, using
the Inversion Formulae method discussed in [34]. This means
that the magnitude and the phase of the loop gain frequency
response L(w, 7;) = PI(w, 7;) S(w, 1) have to be equal to 1 and
T + ¢y, at frequency w,:

‘L(a) )| =1

g
LL@nT) =T+ by,

(18)

The frequency response of Equation (7) can be written in the
Cartesian form:

R. &%k -p

SO = R R

R cos(@I)) =B+ jsin(@l)
T R4 R.cos@T)) —a+ jsin(@7y)

14+ af — (a+B)cos(@7s) + j(B — o) sin(w7y)
‘ R+ R)(1 + a? — 2a cos(w1y)) .

19

It follows that:

1500, 70] = e \/1+,82—2ﬁcos(w7;)

R+R \1+a%—2acos(Ty)
(20)

£S5, T) = tan™!

(8 — @) sin@T)
1+af—(a+p) cos(aﬂ;)]

From Equation (18) the PI controller has to be designed in
such a way that its magnitude and phase at frequency @, are
equal to

_ 1
[ @, 7| : 1)

§0g=¢m_ﬂ_45(wa7;)

My

meaning that:

Pl(@y, 1) = My(@,, 1)¢/%@ ") 22)

holds. By equating the real and imaginary parts of both sides of
Equations (17) and (22), the following equations are obtained:

M, cos @, = Kp (23)
K
wn ()
2

Solving Equations (23) and (24) with respect to the PI
parameters, the following relations can be derived:

Mysing, = — 24)

R+RC\/1 +a2—2acos(a)g7;)

Kp = z 1 > cos @,

c + % = 2f cos(w, 1) , (25
w, 1

K = —Kp tan 2 tan @,

where

(B — a)sin(w, 1)
1+aB — (a+pB)cos@,L) |’

Py =P — 7 —tan”! [ (26)

assuming that Kp > 0 and K} > 0.

3.1 | Dual phase shift control with reduced
current stress

The proposed control strategy for inner and outer phase shift
ratio control with reduced current stress is shown in Figure 6.
The PI parameters are dynamically computed in real-time by
utilizing Equation (25) within the specified design constraints
to determine the desired values of ;2, However, according to
Equation (3), there are infinite combinations of (Dy, 1) in DPS
control to track a required value of ?2 ;- To find the unique com-
bination of (D, D,) that meets the desired value of i5; with
minimum DAB current, the approach of Lagrange’s multipli-
ers is adopted. It follows that the inner and outer phase shifts
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FIGURE 6 Proposed control scheme for inner and outer phase shift ratio control with reduced current stress.

are calculated using the following nonlinear relationships as a In particular, Equations (27) and (28) have been derived by
function of 7,;: the solution of the system:
e - (
gy =2l g<h < oL _,
K2+2K-3 EV
Dli = 1
1—24y/G, -G or
K-V arse NS2s— 135 =Y (29)
K> 1 ( 2K? —4K + 6 2 0Dy,
G,
(K=1) ZZZ/—Z 0<% <7 9L
K2+2K -3 9D,
Dy = 3 L
— 24/ G
1_ 12’/ Z 71 <iy < where L is the Lagrangian function (30) derived from Equations
(2 —4K+6
(1) and (3).

_GE+)K -1

7, Ve @
ie 4 | PLECS SIMULATION RESULTS
21 2 =
1=K+ ————= 0=Z4p,<7,
1-3K2+4+2K . ) .
Dy; =3 The CC—CV charging procedure is the most widely used battery
- & 222[ /G = G, charging procedure. The battery is charged at a constant current
( ) — 4K +2 Vo =0 = 2 until the voltage reaches the cut-off value. Following that, the
K<1 constant voltage is maintained under the CV mode control until
i /G, . the battery reaches the desired SOC [35]. By considering this
(1=K) 1-3K2+ 2K 0<% <7, charging procedure, the proposed control scheme illustrated in
Dy =3 - Figure 6 has been tested in the PLECS (Plexim GmbH) sim-
1 X 1 =24/ G v < <l ulation tool referring to a two-module IPOP DAB converter
[ 2 6K2 —4K 42 2= =0 whose parameters ate listed in Table 2. The discrete PI block
available in the PLECS library is used by adopting the trape-
v, = GEK+ (1 = K) zoidal integration method in all the closed-loop controls. The
) .
(28)
Gz[—Di. + ZDZZ(l - DZi)] - ;Zl' model
K>1 L(Dy; Doy A) = G[Dy;(1 = K) 4+ 2Dy + K = 1] + 4 -
GZDZi(Z - ZDU - DZZ) - 2.21' mode2
(30)
GZ [—Di + 2D21(1 - DZZ‘)] - ;2/ model
k<1 L(Dy;, Dy, 2) = Gy [(Dy = 1)(K = 1) + 2KD,| + 4 -
GZDZi (2 - ZDlz - DZ[) - 521 mode2
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TABLE 2  Parameter values of the IPOP DAB converter scheme.

TABLE 3  Comparison results under design specification: ¢, = 90°.

Symbol Parameter Value Units Parameters Classical Proposed
Ve DC bus voltage 800 A% b 89° 90°

What Battery voltage 400 \Y% Wy 4.12 rad/s 2000 rad/s
R Internal cell resistance 2 mQ Kp 0.67 Adaptive
C Filter capacitance 50 mF K 4 Adaptive
R, Series resistance 1 mQ Settling time >1s 1.8 ms

L Leakage inductance 41 uH

7 Transformer ratio 2 -

Sow Switching frequency 20 kHz the proposed controller has been tested under different ini-
I Sampling time 50 Us tial SOCs. The battety currents with SOC = 70% and SOC =
N Parallel DAB number 2 , 20% are shown in Figure 10. As can be seen, the same wave-

PI parameters are calculated in real-time through the function
blocks that implement discrete equations (25) and (26) and are
provided externally to the discrete PI block. This procedure is
referred to as an auto-tuning of the PI parameters. In this calcu-
lation, a gain of 2/ 7; is added to the integral constant (K term)
to adjust the difference between Equation (16) and the chosen
PLECS controller form. To ensure robust stability, a generous
phase margin of ¢, = 90° has been chosen, while the gain
crossover frequency @, is adjusted based on the phase of the
charging process. The real-time computation of the droop coef-
ficient R relies on the measured signals of output voltage and
current as per Equation (15). For estimating the 1), a look-
up table method based on the battery SOC can be employed,
as detailed in [36]. The values of D;; and D,; are determined by
Equations (27) and (28), with switches selecting D;; and D, val-
ues according to the relevant permissible ranges and the output
of the PI controller.

4.1 | CC mode control

The effectiveness of the proposed control has been firstly tested
in CC mode under /¢ step variation from 0 to 120 A and
120 to 150 A, meeting ¢, = 90°, w, = 900 rad/s, and w, =
2000 rad/s, respectively, in the case of SOC equal to 70%.
Different values of @, avoid current overshoot in the first
large step variation and slow step response in the second small
step vatiation.

The corresponding CC mode control results are shown from
Figure 7-9. In particular, Figure 7 shows the two-step responses
of battery current 7., roughly estimating the settling time as 4
ms, and 1.8 ms in large and small step variation, respectively.
Similar considerations can be drawn from the inductor currents
shown in Figure 8. Figure 9 depicts the real-time computed
droop coefficient R with respect to the @, variation, where the
auto-tuning of PI parameters can be observed as per Equation
(25).

To verify the main advantage of the real-time computed
droop coefficient R and the auto-tuning of the PI parame-
ters to work optimally even under large parameter vatiations,

forms have been obtained in transient conditions showcasing
the controllet’s adequate robustness.

To further understand the effectiveness of the proposed
method, a comparison with one of the conventional controls
has been investigated. In particular, a comparison with model-
based fixed PI parameters obtained using the classical pole
placement method [37] and the resistive battery model have
been studied along with the battery parameter variations.

Since the resistance in this model varies significantly during
the charging process, its value has been assumed to be equal
to the battery droop under fully charged conditions, as in con-
ventional offline tuning methods. Setting R = 1/ = 3.3Q,
¢ = 1.3, w, = 700 rad/s, the obtained PI controller parameters
Kp = 330, K; = 90000 lead 7; out of the admissible safety range,
nerveless the frequency characteristics ¢, = 88°, @, = 2000
rad/s atre close to the given requirements. It follows that the
considered specifications have been reduced to w, =5 rad/s,
and ¢ =1 to maintain the previous phase margin (¢, = 89°,
@, = 4.12 rad/s) leading to Kp = 0.67, and K; = 4. The cor-
responding settling time has been increased from roughly 1.8
ms with the proposed control to more than 1 s in the classical
method as shown in Figure 11. The main comparison results
under the batter current 120 to 150 A variation and ¢,,, = 90°
are shown in Table 3.

Since an increment in the internal cell resistance Ry, refers
to the battery aging, other tests have been held to verify the
proposed control under R;, variation from 2 to 20 m€. The
battery current 4., step vatiation from 120 to 150 A in the case
of SOC equal to 70% with the previous PI designs are shown
in Figure 12. In contrast to the fixed PI parameter method, the
battery current step response has not been affected by the con-
sidered parameter variation with the proposed method. Notice
that the internal cell resistance £, is a crucial parameter in the
EV battery model, directly impacting the droop coefficient R.
Therefore, real-time measurements of the droop coefficient R
are employed to detect fluctuations in R;,. These variations are
then compensated by adjusting the controller parameters.

To further verify the capability of the proposed control, the
same R, parameter depicted in Figure 12 is also considered
with a two-series battery pack reaching the voltage level 800 V.
In this case, as the voltage global conversion ratio is leading to
K <1, the inner and outer phase shifts are computed by Equa-
tion (28). The good results shown in Figure 13 confirm that
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FIGURE 7 Battery current 0-120 A and 120-150 A step variation under ¢, = 90°, @, = 900 rad/s, and w, = 2000 rad/s, respectively.
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FIGURE 8 Inductor currents 0-120 A and 120-150 A step variation under ¢, = 90°, @, = 900 rad/s, and @, = 2000 rad/s, respectively.
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FIGURE 9  PI parameters auto-tuning during 120—150 A step variation.
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FIGURE 10 Battery current with SOC = 70% and SOC = 20% during 0-120 A and 120150 A step variation.
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FIGURE 11 Battery current 120-150 A step variation under ¢, = 90°,
@, = 2000 rad/s with the proposed method and @, = 5, and ¢ =1with
classical method.
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FIGURE 12 Battery current 120—150 A step variation in the case of
Riy = 20 mQ under ¢, = 90°, @, = 2000 rad/s with the proposed method
and w, = 5, and ¢ = 1 with classical method.
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FIGURE 13  Battery current 120—150 A step variation in the case of two
; = 2000 rad/s with
the proposed method and w,, = 5, { = 1 with classical method.

series battery pack and &y, = 20 mQ under ¢, = 90°, @

the proposed algorithm can be used for different EV batteries
without modifications.

4.2 | Current sharing control verification

The proposed method has been tested under two different
inductance values to verify the effectiveness of the current shar-
ing control and compare it with the average control. This has
been achieved by tuning the PI controller considering the aver-
age model of the IPOP converter. The two-module IPOP-DAB
PWM modulation signals have been generated by halving PI
output. In particular, the main IPOP converter waveforms with
Ly =41 uH and L, =45.1 uH (10% inductance mismatch)
under 120 to 150 A step vatiation is shown in Figure 14 with
and without proposed current sharing compensation. As can
be seen, even though there are mismatches in the inductance
values, the current sharing is well achieved in the transient
and steady-state conditions with the proposed control nullifying
current deviation visible in Figure 14(a).

4.3 | CV control mode

The battery current gradually drops from the nominal value to
close to zero during CV control mode. As all converter param-
eters change slowly, this test segment just considers the CC—-CV
mode changeover. This transition is still an open control issue
that necessitates a precise method to reduce the possibility of
ovet-voltage charging [38]. The proposed control meeting ¢, =
90°, w, = 2000 rad/s has been tested and compared with two
parallel PI controller topologies, as in [39] and [40], and using
average CC-CV mode control. The current and voltage refer-
ence values are set as 120 A and 391.1 V, respectively, which
is the battery voltage value at the switching instant. Figure 15
depicts that the parallel PI architecture yields an undershoot in
output voltage at the switching instant due to the integral effect
of the voltage PI controller since the I .f — 14, etror is not
equal to zero before the commutation. This effect is avoided
by using the same PI controllers for both modes changing the
reference current value, as shown in Figure 6.

4.4 | Power control and soft module
engagement/shedding

To better emphasize the proposed controller performance and
versatility, power charge mode control has been tested using the
proposed control scheme shown in Figure 6. Since in low-power
conditions a single module leads to a higher efficiency than two
or more modules, the proposed control has been tested to verify
the possibility of soft engagement and shedding [7].

Using the parameters collected in Table 2, the maximum
power that each DAB module can handle is calculated as per the
power equation given in [31]. A ramp signal has been selected
to match the rated power of each DAB module and is used
as the reference input for the controller, enabling the output
power adjustment in accordance with the system requirements.
To automatize the on-off power switch of the second DAB con-
verter, a relay has been chosen with a certain threshold value,
i.e. half the rated power with +2.5 kW hysteresis band, setting
the upper and lower limits for enabling and disabling the PWM
signals of the second parallel DAB. A digital filter has been
introduced after the relay to reduce the current overshoot in
the switching transient [41]. In particular, the reference currents
Lies1 2 of the two converters are computed by:

L +1

Len (R) = fz(z) [1 + P(z)m,] €))
L +1

Lep(3) = ;@ [ - (Z)ma] 32

where P(3) is the relay power control signal, « = 2t/7; and T
is the filter time constant. Figures 16 and 17 show the achieve-
ment of soft engagement and shedding of the second parallel
DAB converter during the simulations. As noticed, the con-
verter output currents are not affected by the engagement and
disengagement procedure, even if the step current vatiation
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Soft-engagement and shedding of the second DAB parallel converter output currents with the proposed control.
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FIGURE 17

in the first converter doubles. In Figure 17 referring to the
inductor currents, the left side plot cleatly depicts the module
shedding process whereas the zoom on the right side shows the
PWM disabling where a complete module shutdown takes place.

4.5 | Frequency analysis

The stability analysis of the controlled system has been car-
ried out through the Z-domain Bode plots. The green lines in
Figure 18 refer to the Bode plots of the discrete-time system:

0.333 — 0.05

S = —~-072 " (33)

with the system parameters shown in Table 2. The PI controller
expressions obtained using the proposed method and meeting

zero position error, ¢, = 90°, w, = 900 rad/s, and w, = 2000
rad/s respectively are:

- 0.128z — 0.083 ”

1) = o , (34)
0.285z — 0.183

PI,(3) = T o1 (35)

The Bode plots of the loop gain frequency responses
Ly, I) = S(w, I)PI) 5(w, 7;) for w in [0,71/7] and sam-
pling period 7; are shown in blue and dashed red lines in
Figure 18. Notice that the constraints are exactly satisfied.

Table 4 summarizes the advantages and limitations of the
proposed control vs classical method.

Inductor currents during module shedding of the second DAB.

7.75 7.80 7.6865 7.6870 7.6875

TABLE 4  Advantages and limitation of the proposed control vs classical
method.
Type of
control Advantages Limitation
Classical Low implementation complexity PI saturation issues
Well known technique Slow dynamic
performance
Proposed Better dynamic performance Medium
implementation
complexity
Robustness against load variation Higher cost for R
and battery aging measurement

Effective current sharing
compensation

Less time and effort to achieve a
satisfactory system

5 | VERIFICATION THROUGH
HARDWARE-IN-THE-LOOP

To assess the real-time feasibility of the CC-CV, and power
charge mode control methods discussed in Section 4, hardware-
in-the-loop (HIL) tests were performed. The experimental
setup for real-time HIL is depicted in Figure 19. In this
setup, the DAB converter is emulated using the RT-box 1
(Plexim GmbH), while the controller is emulated using the
Delfino TMS320F28379D controlCARD R1.3 (Texas Instru-
ments Incorporated) digital signal processor (DSP). The exe-
cution codes for both the RT-box 1 and DSP were developed
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FIGURE 19

Real-time HIL experimental setup.

in the PLECS environment, taking into account a discretization
step size of 5 us for the converter and 50 us for the controller.
A power relay similar to the one discussed in Section 4.4 has
been used.

5.1 | CC-CV charge mode control

Similar to what was done in the simulation results, the effec-
tiveness of the proposed control has been verified under the
same /¢ step vatiation, ie. from 120 to 150 A, meeting ¢, =
90°, w, = 2000 rad/s. The real-time HIL results in compat-
ison Wlth the offline classical procedure method are shown
in Figure 20. The proposed control structure leads to a fast
step response without overshoot, while the classical procedure

the proposed method are evaluated through HIL tests. The PI
parameters employed in the simulation were also utilized in
the HIL tests for the two-parallel PI method. Figure 21 illus-
trates the HIL results for both the parallel PI control and the
proposed control. Note that the undershoot of the output volt-
age and current at the switching instant with parallel PI have
been doubled, while no perturbation has been obtained with the
proposed control.

5.2 | Power charge mode control

The power profile of a Fiat 500e vehicle battery charging pro-
cess (60 min) obtained from [42], has been used as the reference
signal of IPOP converter in HIL tests. The given power pro-
file, the output and inductor currents, and measured output
power are shown in Figure 22. In particular, Figure 22(a) shows
the output currents 7y and 7,. The zoom in the top right
corner shows the soft engagement of the second module at
the beginning of the process. This is driven when the output
power reaches 42.5 kW. It can be seen that this mode change
is achieved without oscillations or overshoots. Then, during
power-sharing mode, the output currents of the two modules
are perfectly balanced. The module shedding is driven when the
power is less than 40 kW and occurs after 30 min of charging.
Also in this case the output current split into only a single mod-
ule without oscillations or overshoots. Note that the inductor
currents shown in Figure 22(b) are perfectly balanced during
power-sharing mode and current overshoots are avoided during
module shedding. The given power profile and the measured
output power are shown in Figure 22(c). The proposed control
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FIGURE 20 Battery current 120-150 A step variation under ¢, = 90°, @, = 2000 rad/s with the proposed method and under w, = 5, ¢ =1 with classical
method.
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FIGURE 21 CC-CV mode switch: (a) battery output voltage; (b) current with the proposed method and with two parallel PI controllers.

perfectly tracks the given reference signal without perturbations
during transient modes.

6 | CONCLUSION

This paper proposes a novel and unified battery charging con-
trol strategy in two-module and/or N-module IPOP DAB
DC-DC converters for CC, CV, and power mode battery
charging. The detailed mathematical derivation on achieving
model-based autotuning PI parameters has been provided. The
proposed simple closed-form formulae have the main advan-
tage of being directly implemented by discrete microcontrollers
as DSP without using offline trial and error procedures, and
having the knowledge of the DAB model. Different test results

have been shown by implementing the proposed controller and
two-module IPOP DAB converter in PLECS simulation and

further verified through the real-time HIL procedure. The con-
trol system provides the expected good performance in the
simulations, resulting in 4 and 1.8 ms settling time in long and
small step variations. The same results are achieved even with
considered large differences in battery parameters and DAB
modules. The comparison with classical offline model-based
pole placement methodology shows the advantages of using the
proposed auto-tuning algorithm. The settling time of the classi-
cal pole placement method resulted in more than 1 s compared
to the proposed method in the simulations whereas a precise
settling time is observed during the HIL tests. Furthermore, the
proposed controller proved its effectiveness in comparison with
the parallel PI controller during the CC—CV switching instant.
The presented soft module engagement, disengagement, and
complete module shedding control are driven during an entire
battery charging process without output current oscillation or
overshoot in both simulation and HIL tests. These findings
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FIGURE 22

highlight the pivotal role of the proposed control strategy in
enhancing converter efficiency and advancing battery charging
technologies in electric vehicles.
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