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Abstract— This paper proposes a hybrid multi-input multi-
output DC-DC converter for integrating Photovoltaic (PV) unit
and auxiliary power module (APM) to simultaneously supply low
voltage/power loads inside electric vehicle (EV) as well as actively
participate in EV battery management system (BMS). Defining
three operation modes including charging, discharging and idle,
the proposed converter guarantees multiple outputs isolated from
EV-high voltage battery (EV-HVB) with significant safe
operation regardless of the power flow direction between the
auxiliary battery and EV battery cell. Compared to the existing
APMs, the proposed PV-integrated APM provides much wider
voltage ranges for internal loads based on low voltage auxiliary
battery (LVAB) with a smaller voltage rate and size. Using pole
placement method (PPM) as well as comprehensive large-signal
and small-signal dynamic models, two closed-loop control
systems are presented to enable the desirable current flow and
regulated output voltages. To this end, the controllability of the
proposed system is extensively assessed, and the effective state
feedback gains are designed associated with the closed-loop
system eigenvalues with the adjusted and sufficient stability
margin. Both simulation and experimental results are employed
to verify the noticeable contribution of proposed system along
with the designed control technique to APM and BMS in EV
applications.

Index Terms— Auxiliary power module, battery management
system, PV integration, hybrid DC-DC converter, electric vehicle,
high voltage battery cell.

[. INTRODUCTION

very well-designed APM system is considered as a

significant advantage of EVs for reaching the

functional features such as high efficiency, safety and
reliability, integration capability, compact design, modularity
and scalability. In this regard, researchers and industries have
attempted to design appropriate APM systems through
meeting the features mentioned above. To this end, some
works focused on interfaced-power electronic converters
(PECs) between EV-HVB and LVAB [1], by designing active
filter auxiliary power module [2], all-in-one magnetic
integrated structure of phase-shift full-bridge current doubler
converter (PSFB-CDC) [3], and high-frequency high power
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density PSFB-CDC [4]. Using active power decoupling (APD)
technique and full-bridge single-phase dual active bridge
(FBSP-DAB) converter with soft switching capability, the
charging configuration of the auxiliary battery in the EV
driving charging mode was made in [5]. In [6], to eliminate
the low-frequency harmonic currents in the high-voltage
battery (HVB) charger when the HVB is charging, the LVAB
and EV-HVB were connected to each other using integrated
active filter APM converter based on dual-voltage charging
systems. A two-stage Dbidirectional design including
interleaved buck DC-DC converters and DCX (dc transformer
based on series-input parallel-output FBSP-DAB) was
proposed in [7] to provide a wide operating voltage range,
e.g., 250450 V for EV-HVB and the high-voltage 10-16 V at
the LVAB. Moreover, [8] presented a reconfigurable current-
fed dual active bridge (CFDAB)-based converter for ultrawide
APM applications with the input voltage from 180 to 900 V
and an output voltage from 6 to 16 V. Also, a three-tasks
onboard charger (OBC) including a selective switch, a high-
frequency transformer, and inductors was proposed in [9] to
separately charge the battery of plug-in electric vehicles
(PEVs), act as an inverter, and charge LVAB using PEV
battery as a step-down converter in the driving operation
mode.

Some other works directly employed wireless power transfer
(WPT) concept and multi-winding transformers for making
stable LVAB [10-11]. In [12], an APM full-bridge single-
phase converter with transformer was exerted for the LV
regulation and the LV/HV output isolation, while the doubled-
sided single-phase DAB LCC topology based on WPT was
considered for the HV battery. As another related work to
integrate the OBC, WPT, and APM in one unit, a multi-
winding WPT-based magnetic connection was developed in
[13] to remove the main transformer of OBC and APM. On
the other hand, the HV and LV batteries were able to be
simultaneously charged based on the integration of OBC and
APM through an isolated three-port dc—dc converter [14],
wherein a three-winding transformer was designed to make
galvanic isolation between the converter ports. It is worth
mentioning that the bidirectional DC-DC converters used for
actively balancing the EV-HVB cells (EV-HVBCs) were also
adjusted as another solution for providing regulated LV by
elimination of a separate HV-to-LV battery step-down DC-
DC converter [15-16].
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Fig. 1. Proposed PV-integrated APM and EV BMS using hybrid multi-input multi-output DC-DC converter.

For instance, a half-full bridge dual active bridge (HFB-
DAB) DC-DC converter was proposed in [17] to combine the
functionalities of a battery balancer and APM in which two
HV battery cells were connected to the applied HFB-DAB
DC-DC converter. The converter in [17] was changed to a
dual-active half bridge (DAHB) DC-DC converter with
coreless transformer for isolation and energy transfer in [18] to
simultaneously enforce two EV-HVBCs for enabling the
battery-balancing APMs as well. Also, using FBSP-DAB
connected to the EV-HVBCs for persistent active cell
balancing process, [19] could provide the required current of
auxiliary loads commensurate with the state-of-charge (SOC)
and capacities of the battery cells. The LV loads (LVLs) inside
EVs should be supplied using appropriate structure of
multiport DC-DC converter considering the voltage levels of
auxiliary loads and connection between the EV-HVB and
LVAB [20]. In [21], an integrated multiple independent-
regulated-output buck converter with synchronous operation
was proposed to simultaneously supply multiple LVLs. To
fulfill the EV load demand, a 48V multiple-voltage bus
converter with dual 12V dual supply system and additional
flexible dc bus voltages was designed in [22]. Researchers
have persistently tried to propose an effective multiport DC-
DC converter for supplying EV auxiliary loads such as multi-
input multi-output DC-DC converter with step-up capability
[23], and single-input multi-output DC-DC converter without
limitation regarding duty cycles and inductor currents [24],
however, the works mentioned above don’t have the
advantage of concurrent contribution to EV-HVB BMS.

Meanwhile, a number of promising alternative concepts and
approaches has recently emerged, focusing on the integration
of photovoltaic panels within EV battery systems to increase
driving range and achieve more efficient power utilization
[25-26]. In this regard, some research works discussed the
driving distance and environmental benefits [27-28], the route

planning [29], the temperature rise of PV modules [30], and
the high-efficiency solar cells [31]. By relying on solar battery
packs, the photovoltaic vehicles presented in [32] and the
solar-assisted electric vehicles described in [33] tackled the
key challenges, including low energy utilization, high cost,
and limited driving range. PV auxiliary power for battery
electric buses has been developed to operate during in-motion
and parking periods, thereby addressing vehicle scheduling
challenges in solar electric bus systems [34]. Using wireless
power transfer units and supercapacitor-based energy storage,
a portable auxiliary photovoltaic power system was proposed
for electric vehicles, incorporating a foldable scissor-
mechanism concept [35]. In [36], the battery module with the
lowest state of charge (SOC) in a solar power—assisted EV
was charged using solar energy during vehicle driving, while
energy losses were minimized through EV battery balancing
by transferring solar and stored energy to the storage cell. In a
PV-assisted EV, an onboard PV system was developed and
integrated with a bidirectional charger, an auxiliary power
module (APM), and vehicle-to-grid (V2G) applications [37].
As an on-board fuel, PV-based auxiliary energy source was
investigated in distinct types of electrified vehicles including
plug-in hybrid electric vehicles (PHEVs), full hybrid electric
vehicles (FHEVs), and battery electric vehicles (BEVs) [38].
Only a few studies have somewhat outlined partial structures
of power electronic converters for PV-assisted EVs,
considering the multiple roles of PV systems, such as APM,
BMS, and EV-HVB charging. In [39], one port of a multiport
current-fed quad-active bridge converter was used for solar
PV system that is connected to APM through a buck-boost
DC-DC converter. The DC-DC converter topologies,
including the unidirectional flyback, LLC resonant, and DAB
converters, are employed in [40] to transfer power from the
solar PV module to the LV battery.
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Table 1. Comparison of the proposed converter with previously presented APMs, both with and without integrated PV units.

NoSs NoDs | NoCs Nols Nx CSD | Efficiency MSSs IPVU | CTBMS | CTLVLs | CLVB
(Max)
Proposed APM- 3 4 3 1 1.5+vp/Vau Yes 94.5 VedsTVpy Yes Yes Yes Yes
Converter | loads to
BMS 4 0 2 0 3V Vi
2] 8 0 3 2 NR Yes 91 Vuva No No No Yes
[3] 6 0 1 4 NR No 95.5 Vau No No No Yes
[5] 10 0 2 2 NR Yes 96.95 Viyp No No No Yes
[6] 8 0 3 4 NR Yes 95.5 Vuvs No No No Yes
171 12 0 4 3 NR Yes 96 Vuye No No No Yes
[8] 10 0 4 5 NR Yes 97 Vuvs No No No Yes
[10] 4 0 2 1 NR Yes 92.6 Vivs No No No Yes
[17] b*6 0 b*3 b*1 NR Yes 89.1 Viu No Yes No Yes
[18] b*4 0 b*3 b*2 NR No 80 Viu No Yes No Yes
[19] b*8 0 b*3 b*1 NR Yes 93 Viu No Yes No Yes
[20] 2 2 2 2 1 Yes 94 Viu No No Yes No
[21] 3 0 2 2 1 Yes 92.2 Viu No No Yes No
23] 5 5 5 4 NR Yes 94.7 NR No No Yes No
[24] 2 2 2 2 1 Yes 94 7 No No Yes No
[36] 2 2 3 2 NR Yes 95 (1+a)vuys Yes Yes No No
[39] 2 0 1 1 NR Yes NR Vpy Yes No No No
[40] 1 1 2 1 NR NR NR Vpy Yes No No Yes
8 0 3 2 NR NR NR Viu Yes No No Yes
8 0 2 2 NR NR NR Viu Yes No No Yes
[41] 1 2 4 2 NR Yes 91.2 Vpy Yes No No No
[42] 7 0 9 2 NR Yes 95.5 Vive Yes No No Yes
[43] 4 4 2 1 Vpy/Vau OF Yes NR Viu Yes No Yes No
1

In a plug-in hybrid EV, the internal combustion engine was
replaced by renewable energies wherein PV module injected
power into the EV drive DC-link using unidirectional flyback
converter [41]. As an interface between HVB/PV and LVB,
[42] employed a phase-shifted, full-bridge DC-DC and buck
converters to charge LVB from HVB and PV at the same time.
A non-isolated multi-port DC-DC converter including two
inputs/outputs with additional design details is presented in
[43], enabling the injection of PV power into various loads
within electric vehicles such as EV drive and low-rated loads.
Given the research gaps identified in the above references, this
paper proposes, for the first time, a hybrid multi-input multi-
output DC-DC converter with an accurate dynamic model and
an effective PPM to integrate the PV unit and APM for
simultaneously supplying low-voltage/low-power loads inside
electric vehicles and actively participating in the EV battery
management system (BMS).The main contributions of the
manuscript are 1) the proposed converter is capable of
concurrently being a part of EV BMS and integrated APM to
reserve the energy of EV-high voltage battery cells (EV-
HVBCs) inside the auxiliary battery instead of dissipating the
excess charge OR charge the EV-HVBCs using proposed
APM system, 2) in each operation mode, the proposed DC-DC
converter can always guarantee “n” outputs isolated from the
EV-HVB regardless of the power flow direction between the
auxiliary battery and EV battery cell. The “n” stands for the
number of LVLs connected to SISIMO DC/DC converter, 3)
This is the first time ever that an APM system can be involved
with both PV unit power and BMS at the same time, 4)
proposed APM system can provide load voltages larger than
the LVAB rate with high efficiency. This feature enables the
proposed APM system to utilize LVAB with a smaller voltage

rate and size, and 5) A newly developed set of dynamic
models, together with the applied closed-loop pole placement
method provide the desirable current flow and regulated
output voltages for all parts of proposed PV-integrated APM
and EV-BMS. This paper is organized as follows. Introduction
is presented in Section I. Section II focuses on explaining the
proposed PV-integrated APM and EV-BMS along with their
related dynamic large-signal models. Proposed control
technique is discussed in Section III. This section includes two
subsections detailing the controllability evaluation and the
closed-loop control systems. Experimental results are provided
in Section IV. Conclusion is given in Section V.

II. PROPOSED PV-INTEGRATED APM AND EV BMS

Fig. 1 shows the proposed PV-integrated APM involved
with BMS wusing a hybrid DC-DC Converter for EV
applications. The hybrid converter consists of one active-
clamped bidirectional flyback DC/DC converter (ACBFC) and
one single-input single-inductor multi-output (SISIMO) buck
DC/DC converter. The ACBFC provides one isolated output
based on the power flow direction between LV auxiliary
battery (LVAB) and EV high-voltage battery cells (EV-
HVBCs). The isolated output will function as a part of BMS to
store the energy of EV-HVBCs inside LVAB instead of
dissipating the excess charge OR charge EV-HVBCs if
applicable. On the other hand, the filtered voltage of Vp
through the capacitor of Cps (i.e., Vcps) along with the PV
voltage (i.e., vpy) are assigned as the input of SISIMO buck
DC/DC converter as depicted in Fig. 1. Given the
charging/discharging conditions of low and high voltages,
ACBFC will be adjusted to operate at three modes. Three
color-coded dotted arrows are used to clearly illustrate the
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three operating modes in Fig. 1. The fundamental operating
waveforms, along with the corresponding gate signals, have
been included for all operating modes as shown in Fig. 2.
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Fig. 2. Three operating modes of proposed converter (a) OM-I, (b) OM-II, and
(c) OM-IIL

In the first operation mode (OM-I), LVAB charges EV-
HVBCs using the flyback converter leading to two inputs of
{vus, ver} and “n+I” isolated outputs (vc, Vor,...,Von). The
second operation mode (OM-II) makes the power flow
direction from EV-HVBC to LVAB. The inputs of proposed
converter in this mode are {vpy and v¢} and also the converter
will comprise “n” outputs (Vo,...,Von) isolated from the EV-
HVB. In the last operation mode (OM-III), EV-HVBCs no
longer need to be charged/discharged, and the low voltage
loads (LVLs) are supplied through LVAB (vps;) and PV panel
(vpy). In addition, Table I is presented to accomplish a detailed
comparison between the proposed PV-integrated APM and
other reported APMs, both with and without PV units. In this
table, the comparison has included number of switches
(NoSs), number of Diodes (NoDs), number of capacitors
(NoCs), the input voltage of LVLs over LVAB (Nx), the

control system designed (CSD), maximum efficiency,
maximum stress on switch (MSS), included PV unit (IPVU),
contribution to battery management system (CTBMS),
contribution to low voltage loads (CTLVLs), and contribution
to low voltage battery (CTLVB). In this Table, “n” stands for
the number of power converters used in the BMS-related
APMs introduced in [17], [18], and [19]. Also, “a” should be
satisfied in inequality 0 < a < 1. As can be realized from Table
I, among the PV-integrated APM configurations, the proposed
converter is the only topology capable of simultaneously
supporting the BMS, LVLs, and the auxiliary battery.
Moreover, the proposed converter can achieve load voltages
significantly higher than the LVAB—approximately between
1.5+vp V4 and 3+v,/v4, times the auxiliary voltage level—
further demonstrating its superiority over the other
configurations discussed in Table I.
A. Proposed dynamic model

This section focuses on the dynamic models of ACBFC and
SISIMO DC-DC buck converter used in the proposed system
shown in Fig. 1. These dynamic models are employed for
designing the proposed control systems enabling the hybrid
converter to simultaneously function as APM and EV BMS.
A.1 Dynamic model of ACBFC

In ACBFC, when the switches of M; and M, are ON, the
other switches of M> and M3 are OFF, and vice versa. Given
these switching states and three operation modes defined
above, two duty cycles of the d,,; and d,,»> are proposed for the
switch M; to effectively control the currents of i., and iz,
respectively. Therefore, considering the voltages of LVAB
(vas), EV-HVBC (v.), and clamped capacitors (Ves2, Vess), the
dynamic model of ACBFC is equal to,

_(Rl) 0
i|:l.Lm:| — Ll +Lm |:iLm:|+ (1)
dr| i, _”’(Lle) —R, I

L(L+L,) L,

Vg Vo2 0

L+L,

st 2

_nLve, LVos {dml}_ (L, +L,)

L(L+L,) L,
anVAB _i

" L,(L+L,) L,

nL,ve,, Ye
L, (L] +Lm) L,

In a well-designed control system, the relationship
Dyi=D,,> should be satisfied. D,,; (i=1,2) stands for the steady-
state term of dy. Defining a=Vis-Vc: and f=nal, +
(Li+Ly)(Vess — Vo), the steady-state equality between the
currents of L,, and L, in ACBFC is as follows:

_ a(L] +Lm)(R21L2 —Vc)+(/3’—0mLm)Va,2

o [(R)B-na(L,R,)]

Where Vi (x=c, cs2, AB, cs4), 112, and I, are the steady-state
values of ACBFC state variables shown in Fig. 1. As can be
realized from (2), the steady-state values of both currents are
affected by the voltage steady-state values of EV-HVBC,

LVAB and clamped capacitors.
A.2 Dynamic model of SISIMO DC/DC Buck Converter

@)
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SISIMO Buck DC/DC Converter is responsible for
supplying LVLs with different voltage levels. In this
converter, the desired output vo (k=1,...,n) for the LVL k™ is
generated by appropriately providing the duty cycles dox and di
aiming to control the switches M; and My, respectively.
According to Fig. 1, the current ip,x can emerge to the inductor
Lp current using current division method leading to the
following dynamic model for the buck converter,

- b g 0
Rolc Cnl
Vol R d _RB dol 0 0 O vol
d iD()l - LB LB iDul
‘Von 0 0 0 _ on .von
lDon Rnn C(m Crm ll)nn
-R dm -R d
O 0 0 pn 0 B~ on
L LB LB
- 0 -
R (Veps TV
( CDS PV ) doldl.
LB
+ 3)
0
R (v +V
pn ( CDS PV ) dondl.
L LB a
Where &, = (R, Il 1R, )(R, +(R, Il.1IR,,)) and  {gm}#k.

Based on the dynamic model of (3), the steady-state values of
the duty cycles d,« and d; are obtained as the following,

Duk — R Vok (4)
Rok (DiRpk (VCDS + VPV ) - Rkaok )

— RBIDok + Rpk I/ok
l Rpk (VCDS + VPV)

In the proposed hybrid converter, it is assumed that D; is
equal to the output duty cycle with the most value meaning
that D=D,x + AD, wherein AD,, >0 . “k” stands for & output

duty cycle that does not have the maximum value. Substituting
D, = D; - AD, into (4), the k™ steady-state output duty cycle
of SISIMO buck DC/DC converter is equal to,

)

D, =057(aD,)~0.25(£,(AD,)) - £,(AD,)-AD,  (6)
Where,
£ (AD )——Vv" +AD
1 ok VCDS~+V ok
(7
R R JAD, RV
]FZ(ADO )_ B’ ok

Rkaok (VCDS + VPV )

The relationship (6) is employed to guarantee the accurate
steady-state value for each output duty cycle.
II1. PROPOSED CONTROL TECHNIQUE
The proposed system shown in Fig. 1 aims to be controlled
through PPM. To this end, the controllability evaluation based
on the small-signal models is comprehensively established at

the first. Then, the required state feedback gains are designed
using PPM and the proposed closed-loop control system
associated with each converter will be discussed as well.
A. Controllability evaluation
The small-signal model is used to design the appropriate
control techniques for the hybrid converter. Given

%=[i, 0,]and% =[0, iy ]as well as du=dn:=dm, the
small-signal model of the hybrid converter based on the
equations (1) and (3) is achieved as the following,

551T — AI)NCIT + Blde + ‘?1 (8)
i{ AZJ’EZT szgl" S2

Where 4,,4,,B,,B,,5, and ,S, are equal to:

ﬂ 0 -1 Dok
L Ll +Lm 4o RokCok Cak (9)
L LZ (Ll + Lm ) L2 LB LB
[ Lo |
i Co
@ R
L+L, " ou
Bl = V V L ,Bz = LB
csa Ve n ma
D.(V.,+V,
[ L + L (L1 + Lm)] R, [_II/( cos T Vpr )]
ok
| " Ly i
(1 - Dm )ﬁ(L\Z + Dm“;AB
L+L,
) i 0
5= nL, ((1 -D, )V, ""DmVAB) ,S,=| R,D,D,
(i1 ~ L Vst
Lz

The small-signal term of the state variable x is driven as
X=X —x wherein X is the related steady-state term. PPM is
chosen in this proposal to control the different functions of the
converter shown in Fig. 1. PPM enables the poles of the
closed-loop system to be positioned at desirable stable
locations. This effective positioning of poles should be
established through an appropriate designing of the state
feedback gain matrix. This method can be applied to this
converter if the state controllability of the system presented in
(8) is guaranteed using the following matrix:

9. = |:|B| AIB]| |Bz Asz|:| (10)
The system controllability can be satisfied if [¢C]M #0and
[¢0]IX2 =0, [X ]CX , stands for the element of matrix X in the c-

th row and d-th column. To accurately assess the proposed
system controllability, the elements [4,] and [4] , of the

controllability matrix (10) are respectively obtained according
to (11) and (12),
(-L,R,)(nL, +nL,)a

H(R)(L+ Ly )Ly = Ry (L, + 1)) (Ve = V2

c

[4]..= (an

(LZ)2 (Ll + Lm)
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(LpwLs + Ryl 5 Dy R, Ci )

D. VCDS
Vms R k l +VPV
_DokRokCakRpk (Di [+ - Vuk !

=V,
PV ok (12)

2

[4.].,= R, (L,) (C,)

Supposing LR> # 0 and Ro(Li+Lyn) # Lo(Ry), [4],,#0 is

proved when the primary conditions Ve # Vg and Vegg # Ve
are satisfied by preventing the concurrent turn-on of the
switches (M,M>) and (M3,M,) through the proposed control
system.
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Fig. 3. (a) Alteration of the element [¢‘ ]]X] based on (Vess - V) and (Vg -
Ves2) when the transformer ratio (n) increases, and (b) alteration of the

element [¢"]1x2 based on D,; and V,; with different values of Vpy and Vips.

To further assessment, Fig. 3(a) and (b) are respectively
plotted using (11) and (12) to detail the variation trend of the
controllability matrix elements. Based on Fig. 3(a), given the
different values for (Vess - Vo) and (Vug - Ves2), the element

[¢5]1x1 is getting much far from the zero value as the transfer

based
on D,; and V,; is illustrated in Fig. 3(b). Based on this figure,

ratio increases. Also, the three-dimension curve of [¢C]lx2

the element[4, ], will never reach zero value even as Vpy and

1x2
Veps are assigned to different voltage levels.
A. Closed-loop control system

Well-designed state feedback gains can lead to an effective
PPM for controlling the proposed system shown in Fig. 1. In
this paper, the feedback matrix Kr in (13) is presented through
considering the state gains for both ACBFC and SISIMO
DC/DC buck converter.

k+— k,+—
K, = 1: g
i3
kp3 + T 0
Deﬁning KFI = [[KF]M [KF ]lx2:| and KF2 = [[KF]le [KF ]2x2]

as the feedback gains for respectively ACBFC and the buck

k

pl+

(13)

converter, the proposed duty cycles equalize czm =-K, % and

ciak =-K,,%, . State feedback Kr; is employed to control the

current flow of ACBFC in all three operation modes. In the
proposed control system designed for ACBFC, the

applied.

i, =kpyi;, and

relationships l~Lm = kLmITLZ are
Therefore, given the aforesaid explanations as well as the
dynamic models of (1) and (8), the proposed closed-loop
control system for ACBFC is obtained in accordance with Fig.

4(a) resulting in the new matrix of B/ = B K ., represented
by (14). In addition, based on the dynamic equations of (3)
and (8) as well as using the state feedback Kp» used for
controlling the voltages of SISIMO buck DC/DC converter,
the closed-loop control system for LVLs is proposed as
illustrated in Fig. 4(b). Focusing on the lately closed-loop
system, the new matrix of B, = B, K., will be equal to (15).

[5 A I.

B - vy .
0 L, [kLm [ KF]‘”J
L e ((+[K],
L L, (L1 + Lm)
I 1 0| ]
et o
—-R
B = L_BIDuk+ 05
‘B
K 0
Rl’k (Di(VCDs +VPV)_Vak) [ F]le
LB

In the proposed PPM, the values of the feedback gains k,; and
ki (i=1,2,3) should be chosen so that the eigenvalues of the
matrix “sl-4;/+B’7” (j=1,2) can be effectively stable. The
eigenvalues of the ACBFC closed-loop system are achieved by
satisfying the relationship “s/-4;+B /=0 as illustrated in Fig.
5(a). This figure includes from only large real parts to all
complex values with negative real components.
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Fig. 4. Closed-loop control system for (a) ACBFC, and (b) SISIMO buck DC/DC converter.
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Fig. 5. (a) Eigenvalues of ACBFC closed-loop system, (b) the proportional
coefficients of k,; and k,, with different k;> and k., and (c) the integral
coefficients of k;; and k;, with different k;, and k;,,.

The open-loop eigenvalues (zero feedback gains) for
ACBFC are equal to s = -666.667, -74.259, 0, and 0. In this
paper, the ACBFC closed-loop eigenvalues are chosen as the
following:
eig(sl — A, + B]) =

(—41.703.796 £13.9336i) x 10°,

—468.695x10%,—16.099x 10’

Comparing the open-loop eigenvalues with the eigenvalues
presented in Fig. 5(a), it can be realized that more effective
control coefficients commensurate with stable eigenvalues
with large stability margins can be driven based on proposed
closed-loop control systems. Using a wide range of stable
eigenvalues and allowable approximate values for ratio i1,/i12,

(16)

the proportional and integral coefficients of k,u; and kuq)2
versus different values of &z, and k., are plotted according to
Fig. 5(b) and 5(c), respectively. Considering the eigenvalues
of (16) as well as the control coefficients in Fig. 5(b) and 5(c),
the ACBFC control coefficients are achieved as (17) that will
be applied to Fig. 4(a),

place(A4,,B,.K,,B/.7)=

[k, Ky |=[23.7150 5.7721x10° ] (17)

[k, Ky |=[-2.16 —8.352x10"]

Using (9) and (15), the eigenvalues of SISIMO buck DC/DC
converter will be assessed based on the relationship “s/-
A>+B’=0". This relationship is employed as well to achieve
the open-loop eigenvalues of the buck converter for both
voltages of v,; and v, that are s = {-452.393, -1.35, 0} and {-
987.5, -10.57, 0}, respectively. It aims to achieve the closed-
loop eigenvalues of the buck converter output voltages as
follows:

eig(sl — A, + B;)

e (18)
(—99.072 +3.11i) x10°,~100.049

eig(sl — A, + B;)

Vo2

(19)
(—122.993+15.316i)x10°,—469.5
The eigenvalues presented in (18) and (19) will result in the
[kp3, kis] equal to [0.01, 50x10°] and [0.04, 100 x10° ] for
the output voltages of v,; and V,., respectively.

IV. SIMULATION AND EXPERIMENTAL RESULTS

Both simulation and experimental results are presented to
validate the operation of proposed APM and BMS system
under the designed closed-loop controller. To this end,
MATLAB/SIMULINK environment is employed to analyze
the dynamic operation of proposed system when a variable PV
power profile is applied as illustrated in Fig. 6. As shown in
Fig. 6(a), the LVAB appropriately utilizes its power to charge
the EV-HVBC while also supplying the remaining power
demand of the two LVLs that cannot be provided by the PV
unit. Based on this figure, the state-of-charge (SOC) profiles
of the LVAB and EV-HVBC demonstrate that the proposed
system can effectively manage both discharging and charging
processes.
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Fig. 6. Dynamic operation of proposed PV-integrated APM and EV BMS
when a variable PV power profile is applied for (a) OM-I, (b) OM-II, and (c)
OM-IIL

Meanwhile, the LVL voltages are maintained at their
reference values with satisfactory steady-state and dynamic
performance. As shown in Fig. 6(b), the EV-HVBC is
effectively discharged to charge the LVAB while supplying
the LVLs in coordination with the PV unit. Due to the limited
power available from the EV-HVBC, the operation of the
proposed system can be switched from OM-II to OM-III to
supply the required power to the LVLs. In OM-III, the EV-
HVBC is neither charged nor discharged, while the LVAB, in
coordination with the PV unit, supplies the LVLs. As shown
in Fig. 6(c), the SOC of the LVAB gradually decreases,
whereas the SOC of the EV-HVBC remains unchanged in this
operating mode. In this operation mode, given the smooth
input power for SISIMO converter, the proposed APM and
BMS system with its closed-loop controller can provide
desirable voltages for LVLs as depicted in Fig. 6(c).

Fig. 7. The experimental setup of proposed PV-integrated APM and EV-BMS.

Table II: Experimental parameters.

Parameter Value I Parameter Value I

SISIMO ~ buck  DC/DC Output capacitor for first

converter inductance, Lg (H)

load, C,; (F)

SISIMO ~ buck  DC/DC
converter resistor, Rg ()

QOutput capacitor for first
load, C,, (F)

First load resistor, R,; ()

Transformer ratio, n=ns/n;

Second load resistor, R,;

©)

PV voltage, vpy (V)

Resistor commensurate with
ipot, Ry (€)

LVAB voltage, v5 (V)

Resistor commensurate with
ipe2, Rp2 ()

EV battery cell voltage, v.
(A%

Primary  side  leakage

inductance, L; (H)

Secondary side transformer
resistor, R (Q)

Secondary  side leakage
inductance, L, (H)

Magnetizing inductance, L,

(H)

Primary side transformer
resistor, R; ()

The performance of the proposed PV-integrated APM with
two LVLs is also evaluated using the experimental prototype
as shown in Fig. 7. To this end, DSP TMS320F280049C is
employed to generate the signals required for the MOSFETSs
IPP023NO8NS (used for M;-My, M;, M,;, and M,;) with the
switching frequency 120 kHz. As can be seen from Fig. 7, the
battery cells of Nickel Manganese Cobalt (NMC) Nissan Leaf
Gen. 3 with the specifications presented in Table II are utilized
for making the ALVB and EV-HVBC in the proposed APM
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system. In addition, a 10V DC power supply is considered to
emulate the PV unit. Other parameters of the experimental
prototype are given in Table II.

A. Steady-state responses

Fig. 8(a), (b) and (c) illustrate the steady-state experimental
results for OM-I, OM-II, and OM-III, respectively. Two
resistive loads with the same value of 31 Ohms are connected
to both outputs. According to Figs. 8(a)-8(c), the input voltage
of the SISIMO buck DC/DC converter (i.e., Ver + Vcps) is
changed commensurately with the chosen operation mode.
Using the proposed control technique, at each operation mode,
the same voltage is achieved for both output loads in presence
of distinct input voltages, and the current of the inductor Lg is
flowed accordingly. Comparing the steady-state responses of
three operation modes in Fig. 8, because of larger voltage
magnitude associated with the voltage vps; in ACBFC, the
larger input voltage is created for the SISIMO buck DC/DC
converter at OM-I. As was expected, according to Fig. 8(a)-
(c), the largest and smallest inductor current have respectively
belonged to OM-I and OM-IIL
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Fig. 8. Steady-state experimental results for (a) OM-I, (b) OM-II, and (c)
OM-IIL

B.  Dynamic responses

In this section, the dynamic responses in two operation
modes of OM-II and OM-III are investigated. The dynamic
experimental results in OM-II due to the input voltage
variation of the SISIMO buck DC/DC converter are presented
in Fig. 9(a)-9(d) along with taking the zoom-in results into
account as well. Fig. 9(a) illustrates Vvps;, irs, -ic, and ipy
before/during the input voltage change and after

compensation. As can be seen from this figure, the currents of
inductor Lg, EV-HVBC, and PV panel experience a rise while
the input voltage changes owing to an unpredictable
perturbation into the duty cycle of d,.
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Fig. 9. Dynamic experimental results for OM-II while the input voltage of the
SISIMO buck DC/DC converter changes, (a) vps;, is -i, and ipy
before/during the input voltage change and after compensation, (b) v, v,;, and
v,2 before/during the input voltage change and after compensation, (¢) (Zoom-
in) vpss, irs -i, and ipy before/during the input voltage change, and (d)
(Zoom-in) vps;, irs -i., and ipy during the input voltage change and after
compensation.

It is worth mentioning that the increment of the currents
during the disturbed duty cycle are caused through the
increasing values of the load voltages v,; and v,, according to
Fig. 9(b). Based on this figure, the cell voltage is somewhat
fluctuated during the input voltage variation as well. The
zoom-in experimental results of {vps;, iz, -l ipr}
before/during and during/after the input voltage variation are
depicted in Fig. 9(c) and 9(d), respectively. In this dynamic
result scenario, when the proposed control technique starts
compensating the duty cycle perturbation, all the currents of
118, -1c, and ipy as well as the load voltages (v, and v,2) move
toward (and reach) their desirable values with very good
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dynamic response and minimum steady-state error as can be
realized from Figs. 9(a), 9(b), and 9(d). In this dynamic
response analysis, it also shows that the EV-HVBC is
successfully capable of accomplishing the generation process
of discharging current using the proposed control technique to
appropriately charge the LVAB and supply the remaining
current of LVLs while the PV is supplying the loads as well.
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Fig. 10. Dynamic experimental results for OM-III while sudden LVLs
change occurs, (a) Vpsy, + Ve, Vo, and V,, before load
change/compensation and after load change/compensation, (b) (Zoom in)
Vpsi, Veps + Ver, Vo, and V,; after load change and compensation, and (c)
(Zoom-in) V4, 115, ipy, and -,z after load change and compensation.

Fig. 10 indicates the dynamic experimental results of {vps,,
Veps + Vey, Vo, Voz} and {VAB, iLB, iPV, —iAB} for OM-III while
sudden LVLs variation occurs. Fig. 10(a) shows that to what
extent the LVLs voltages can be adversely affected if the
proposed control technique does not compensate for the LVLs
variations. According to this figure, when the proposed
controller starts compensating for the LVLs variation, the

et

@ 200mA

- 1004

Veps

voltages V,; and V,; appropriately approach to their reference
values with very fast dynamic reaction. Fig. 10(b)
concentrates on the LVLs variation compensation right away
after the LVLs changes. As can be realized from this figure,
relying on the proposed control technique, the LVLs voltages
can keep going to their desirable values with acceptable
over/undershoots and approximately no steady-state error. The
dynamic results of the currents of inductor Lg, PV panel, and
LVAB are shown in Fig. 10(c) when the LVLs are changed
and instantly compensated. This figure can ascertain whether
very suitable steady-state and dynamic responses can be

achieved for the currents in this operation scenario. The
efficiencies of the proposed system in all three operation
modes, obtained from simulation results (SOMI, SOMII, and
SOMIII) and experimental results (EOMI, EOMII, and
EOMIII), are presented in Fig. 11(a)-11(c). As observed from
these figures, peak efficiencies of 95.2% and 94.5% are
achieved for the proposed PV-integrated APM and EV BMS

system in the simulation and experimental results,
respectively.
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Fig. 11. Simulation and Experimental Efficiencies for (a) OM1, (b) OM2,
and (c) OM3.

V. CONCLUSION

A hybrid multi-port DC-DC converter has been proposed in
this paper to integrate PV unit and APM for supplying the EV-
low voltage/power loads and actively participating in EV-
BMS at the same time. Using ACBFC and SISIMO buck
DC/DC converter, the proposed converter guaranteed multiple
outputs isolated from EV-HVB with significant safe operation
modes including charging, discharging and idle resulting in
different power flow directions between the auxiliary battery
and EV battery cell. Using comprehensive large-signal and
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small-signal dynamic models of the proposed converter, two
closed-loop control systems based on PPM have been
presented to provide the desirable current flow and regulated
output voltages in different operating conditions. In this
regard, the controllability of the proposed system has been
extensively assessed, and the effective state feedback gains
have been designed by focusing on the closed-loop system
eigenvalues with the adjusted and sufficient stability margin.
Compared to the existing APMs, the proposed PV-integrated
APM is capable of providing much wider voltage ranges for
internal loads through LVAB with a smaller voltage rate and
size. Simulation and experimental results along with
efficiency evaluations have verified that the proposed system
with its designed control techniques can make
noticeable contributions to the APM and BMS in EV
applications.
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