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Abstract

In the current automotive landscape, the increasing adoption of electric vehicles (EVs) over traditional fossil
fuel vehicles has significantly influenced charging time and infrastructure. Enhancements in the control systems
for DC-DC off-board fast charging have become a key area of research in EV technology. These improvements
not only boost the overall efficiency of fast charging but also reduce charging time, which consequently
enhances the market share of EVs compared to fossil fuel vehicles. The control strategy proposed in this model
aims to enhance the performance of the DC-DC converter. Although many conventional controllers are
available, they often fall short in providing optimal control for high-frequency switching DC-DC converters in
off-board chargers. The advanced fuzzy-based controller is designed to manage the dynamic behaviour and
nonlinear characteristics of the converter. Initially, a sliding mode controller was developed using a small-signal
state space average model. Based on the converter's behaviour, a fuzzy-based sliding mode controller was
introduced to achieve superior performance by mitigating the chattering effect. Finally, the simulation results for
the proposed controller, applied in a 400V/120A DC-DC off-board fast charger for an electric vehicle, were
analysed and evaluated.
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1. Introduction

The market share of battery Electric vehicles (EVs) has grown rapidly due to its high reliability and green
energy usage. This leads to the requirement of technically advancements in the off board fast charging facilities
in the form of charging stations [1-2]. Due to the sudden growth of EVs impact the existing conventional grid
setup. As a result all the charging facilities has to rely on the integration of renewable energy sources with the
off board chargers. One of the economic integration is PV solar system.

In contrast, the output voltage from PV solar systems is non-linear in nature, which leads to the need for
controlling of high switching frequency DC-DC converter effectively to maintain the output voltage linear with
change in the source voltage [3]. The control loop design becomes more complex at higher frequencies,
requiring precise tuning and often more sophisticated control algorithms to maintain stability and
performance[4-5]. The precise control of the DC-DC converter can be achieved by advanced digital controllers
over conventional controllers [6]. Programing of advanced digital controllers provides an extra edge over
conventional controllers.
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This proposed work emphasis on fuzzy sliding mode controller which has positive edge over analog controllers
in controlling high switching converters used in achieving fast charging. Conventional controllers lack in
removal or reduction in chattering effect of the control signal to converter. Whereas fuzzy sliding eliminates
chattering effect of the signal fed to the DC-DC converter [8]. Also, the proposed controllers boost the
efficiency of the basic DC-DC converter.

This proposal led to the design of an advanced fuzzy sliding mode controller, which controls the basic DC-DC
converter of an off board charger of a charging station. The robustness of Sliding mode control and precise
feature of fuzzy logic provide more control of high frequency DC-DC converters in achieving fast charging [6-
8]. The non-linear nature of PV system can easily addressed by the controlling capability of fuzzy based sliding
mode controller. The complex nature in designing mathematical model of the EV charging system coupled with
PV system can easily resolved by the proposed controller. Sudden change in the source voltage can easily sense
by the fuzzy model to deal with the charging demand. Fuzzy based sliding mode controllers facilitate fast
chagrining of electric vehicles [12-15]. The robustness reduced chattering, efficiency, dynamic response to
source input change and flexible control to various battery load best suites the need for the fast charging of
electric vehicles.

In section 2, Selection of solar panels and modeling of converter is presented. In section 3, controller design
issues were presented in detail. Simulation outcomes for the proposed system presented in section 4. Depended
on the achieved simulation results, inferences were made in Section 5. Acquired results affirm the proposed
controller design for the considered converter. The Off-Board charging system for electric vehicles (EVS) is
modeled and simulated in MATLAB, as depicted in Figure 1.

PV Array Electric Vehicle
DC-DC Converter (EV)
: S Off Board //
T — Charger / ,
PWM based
Controller

Fig. 1: Proposed EV Charging System with Fuzzy Sliding Mode Controller
2. Modeling Of The Converter

Before designing of a controller in a physical system, the working principle & mathematical model of the
system is derived. Section 2.1 represents solar panel modeling and its ratings. The working principle & the
mathematical model of the system presented in section

2.1 SOLAR PANELS SELCTION

To meet the requirements of load with 310 Wp, mono crystalline with a voltage of 33V and a maximum peak
current of 9.37A was selected. After that, A total number of 156 number of solar panels was calculated with
48KWp and Two numbers 24KW inverters was selected.

2.2 WORKING PRINCIPLE OF THE CONSIDERED DC-DC CONVERTER

To obtain fast charging of EV’s, a high current at low voltage is imperative. This can be achieved by using DC-
DC step-down converter into account, as indicated in Fig.2. The output generated by this converter is primarily
utilized to charge the EV's battery. Based on this setup, the Continuous Conduction Mode (CCM) of the
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converter circuit is examined, which operates in two distinct modes: the switch ON state and the switch OFF
state, as depicted in Figures 3 and 4. The switching characteristics of the converter are analyzed based on the
waveforms presented.in Fig.5.

Fig. 2: Considered DC-DC Converter
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Fig. 3: Turn ON Mode of Main Switch
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Fig. 5: Charactestics of considered Converter

The relation between the output & input Voltage is given by,
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By considering required values from converter, capacitance and Inductance values are calculated by using
Equations (2) & (3).

_ (1-D)R

Lmin - T (2)
L = 1.25 times Lmin 3)
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sL "0/, )17 Q)

2.3 MATHEMATICAL MODELING OF THE DC-DC CONVERTER

The state space averaging mathematical model is well-suited for designing a sliding mode controller (SMC) for
DC-DC converters. Given that the DC-DC converter operates in Continuous Conduction Mode (CCM), it
generates two distinct state equations. One equation corresponds to the ON state of the main MOSFET, while
the other represents the OFF state. These state equations are provided in equations (5) and (6).

{i}z _%[RTOF;QC " R'] %(%j L‘/}r é v.]

v 1( R, -1 1
C(R,+R, C (R, +R,
_ RORC R0 I
M{R“RC RO+RJM ©)
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'_ _ o"‘ c 0"‘ c + [Vm][Y]= 0" c 0 (6)
v 1( R -1 1 vl |0 R,+R, R,+R_|v
C\R,+R, C\R,+R,

By taking the weighted average over a complete cycle of equations (5) and (6), the averaged model is derived
and presented as equation (7).

X=Ax+Bu
(7)
Where A=d Aon + (1- d) Aorr
B=d Bon + (1 — d) Borr

YRR ) S R |

i L\R, + R, L{R+R, /|1 hl

T + L [Vin]

v 1 R, -1 1 v 0
C\R,+R, C\R,+R;

The Linearized model is given by perturbing & linearizing the variables in equation (8)

x=X+x

u=U+wT
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After neglecting Higher terms & by substituting the Eq.(8) in Eq (7) we get
% = A%+ Bl + (Ao — AOFF)&X +(Boy — BOFF)dU
% = A%+ Bl +Ed
Where
E =(Aon — Aoee) X + (Boy — Bopp)U
vin

E=] L
0

8
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The block diagram of the converter, based on the designed model, is illustrated in Figure 6. The system

parameters used in this model are listed in Table 1
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Fig. 6: Block diagram representation of converter

Table 1: Design Parameters
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Parameters Values
DC Bus Voltage E00WV
Output Voltage 400V
Output Power 48EW
Switching 100K Hz
Frequencw
Batterv
N ominal 300W
Woltage
B

atrery 12KWh
Capacitv
Batterv State of 50%
Charge
B Ti

atterv ime 2 Sec
Constant

By the given parameters, considered system is simulated and Response of converter without any controller is
shown in Fig.7.it shows the necessity of the controller.

Battery Charging Voltage, Currentand State of Charge E
T T T

Fig. 7: Response of converter without any controller
3. Controller Design Issues

The converter must need a controller to get a steady response Hence PI Controller is designed first and then to
get a better performance a FSMC is designed.

3.1 DESIGN OF PI CONTROLLER
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Btep? DC-DC "

CONVERTER
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Fig. 8: PI controller for the Converter

Figure 8 depicts the Pl controller for the converter. The transfer function of the controller is expressed as
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Kp+Ki/S. This controller is simulated in MATLAB, as illustrated in Figure 9, with the outputs displayed in
Figure 10.
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Fig. 9: Simulation diagram of proposed system with PI Controller
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Fig. 10: Outputs of System with PI Controller
3.2 CONVERTER WITH FSMC CONTROLLER

A schematic representation of FSMC for Considered DC-DC Converter is shown in Fig.11.
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Fig. 11: Simulation Model of FSMC for DC-DC Converter
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Fig. 12: Flow Chart for the controller design using FSMC
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Fig. 13: Structure of Fuzzy Logic Controller
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Fig. 14: Error & Change in Error signal functions

4059



Tuijin Jishu/Journal of Propulsion Technology
ISSN: 1001-4055
Vol. 45 No. 3 (2024)

Membership funetion platg ©lot points: 131

NE NS ZE PS5 FB

ouibrrt variabda "o b 1™

Fig. 15: output Membership functions

Tabla. 2 hMembership Fules
EXCE | NB | N5 IE P5 FB
NME |FBE | FB 3 |3 ZE
NS5 |FB | PS5 3 ZE ok
IE | FB | FS £E R NB
P5 | FS ZE ok W& NB
FB | ZE | M8 NB NB NB

The FLC output is used to tune the gain K adaptively in the SMC control law. As most of Converters have non-
liner nature due to high frequency of operation. A SMC is able to address the most of these issues but it was
having a problem with chattering effect. By combining both Fuzzy and SMC more robust controller were
designed to get good performance. A detailed step-by-step design procedure for the Fuzzy Sliding Mode
Controller (FSMC) is outlined for the specified system. The control variables used in the Sliding Mode
Controller (SMC) are defined as follows:
X, d(Vref - SVZ))
X = [izl = E(Vref - 6Vo) (10)
* f(Vref - 6Vo) dt
The control variables are error, change in error and integral of error. By substituting designed State model in
(10) We get,
X1 = YpZ(Vref —6V,)
Vo BVo-Vgu)
Xpuek = X = 22+ [———F=dt (11)

f(Vref - 6]/0) dt

On Differentiation of eq. (11) we get,

% 0 —11 O 59/ 5(1)/
Hl=[0 == of[x|+|-2& 2o (12)
) RoCo x LoCo LoCo
X3 1 0 ol 0 0

It is represented as: x = Ax + Bu + D. The Designed sliding surface must satisfy the hitting, existence and
stability conditions.

i.Hitting condition

A control law is designed as
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u= %(1 + sgn(S)) (13)
& u=1,0 when S>0 & S<0.

Here, S represents the trajectory reference path, which is designed using the sliding coefficients A1, A2, A3 as
follows:

S = Alxl + ﬂ,zxz + l3x3 = ITX (14)
ii.Existence condition

To verify the existence of trajectory ranges, the sliding coefficients are determined using the following
approach:

lim$ $<0 (15)
By solving the equation above and setting it equal, we can express it as

S=1"TAx+1"Bu,, +1"D = 0.

consequently, the control law is calculated as follows:

A 1 . A
0 < —8Lo (ﬁ - M) ic + LoCo 32 (Vrey = 8V,) + 8V, < 8V, (16)

iii.Stability condition derivation

Using the trajectory, we can assess the stability of the system, and the sliding coefficients were determined using
equation (17).

My + A S+ Ay [ xydt = 0. (17)

On rearranging eq.(17)

d?xq | Aqdxq
d%t Ay dt

+ A_le = 0 (18)
A2
By comparing it with the standard form, we obtain:
A A
i = [R e BT, (19)

Using the desired response, the sliding coefficients were calculated based on the parameters listed in Table 1
and simulated in MATLAB.

— rad o _ A A3 _
w, = 4K " ,Ts = 250usec, o 8000, i 16000and hence Yp1&Y

4, Simulation Results
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Fig. 16: Considered system with FSMC

The output voltage of the solar system is depicted from the Fig.17, which translates to output voltage of 800V
at 60A. Step-Down DC-DC voltage of 340V is illustrated in fig.18, which is slightly higher than the rated
battery voltage of 320V, as labeled in Fig.19. To facilitate fast charging capability, a charging current of 120A is
achieved over entire operating time, as evident in Fig. 20 and the battery state of charge (SOC) is shown in Fig.
21. The results obtained in both the time and frequency domains confirm the effectiveness of the DC-DC
converter.

DC Voltage
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Fig. 17: DC Voltage from Solar Panels

Fig. 18. DC-DC Converter Output Voltage

Fig. 19: Charging Voltage of EV Battery
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Fig. 20: Charging Current of EV Battery

Fig. 21: Battery State of Charge

Disturbances may occur at the source or at the load end. The trustworthiness of the proper controller depended
on the steady state response even with source and load end disturbances. To validate, the same 20V of voltage at
the source is injected at 0.003 sec, and 5A of current is injected at 0.006 sec. It is evident from Fig. 19. and Fig.
20, even with both cases of disruptions, the system is able to output the desired steady state response without
effecting the charging pattern, this confirms the validity of the proposed controller.

5. Conclusion

This paper presents a fuzzy-based sliding mode controller designed to manage fluctuations in input voltage
when integrating a PV system with off-board electric vehicle charging. The proposed controller effectively
handles the nonlinear characteristics of the DC-DC converter. Initially, a standard sliding mode controller
(SMC) was developed, and to mitigate chattering effects, a more robust fuzzy sliding mode controller (FSMC)
was designed. The complete design process is detailed for an 800V solar-integrated off-board charging system
for electric vehicles, including MATLAB simulations. The performance of the designed model outperforms that
of a PI controller, validating the effectiveness of the proposed controller.
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