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Abstract: A comprehensive analysis of a two-level battery charger model is presented, focusing on
its switched and averaged dynamics validated via MATLAB Simulink simulations. The system,
powered by an 800 V DC source, is managed by a robust PI-compensated feedback loop, delivering
minimal ripple, rapid transient response, and high stability under varying load conditions. Results
demonstrate precise battery current control with a 4 ms settling time for step changes and ripple
levels kept below 0.16% for current and 2.4% for capacitor voltage. Sensitivity analyses highlight
the impact of non-ideal resistances—such as MOSFET on-resistance and inductor resistance—on
efficiency and equilibrium voltage stability. Stability and loop gain studies confirm robust control
performance, with all poles positioned in the stable region of the s-plane, ensuring reliable operation.
This work provides key insights for designing high-efficiency, stable battery chargers and supports
the use of advanced control techniques to further enhance converter performance.

Keywords: battery chargers; electric vehicles; power electronics; proportional-integral control;
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1. Introduction

The accelerating adoption of electric vehicles (EVs) is largely motivated by the global urgency
to mitigate climate change, with fossil fuel-based transportation being a major contributor to
greenhouse gas emissions [1,2]. Governments and the private sector are working together to advance
EV technologies, aiming to make EVs as viable and accessible as conventional vehicles. A critical
factor influencing EV efficiency and performance is the battery system, which governs key metrics
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like driving range, reliability, and lifespan. The battery is managed by a battery management system
(BMS), which ensures safe operation by monitoring thermal and electrical parameters, balancing cell
charge, and coordinating other auxiliary functions [3].

Apart from batteries, the efficiency of EVs relies heavily on power converters, specifically the
traction inverter and the battery charger (BC). While the inverter controls power flow between the
battery and motor, the BC regulates energy transfer from the grid (or alternative sources) to the
battery, impacting attributes such as charging speed, range, and battery longevity [4]. BCs are
classified based on factors like charging type (conductive vs. inductive), installation location
(on-board vs. off-board), and power flow capability (unidirectional vs. bidirectional). Established
standards such as IEC 61851-1 and SAE J1772 further distinguish BC types based on charging
modes, levels, and safety protocols [1].

DC fast chargers and their associated power converter topologies, such as single-phase and
three-phase isolated and non-isolated converters, are widely implemented in EV charging
infrastructure. For instance, on-board battery chargers (OBCs) commonly integrate an EMI filter, an
AC-DC converter with power factor correction (PFC), and a DC-DC converter. Variants of these
topologies allow bidirectional power flow to support vehicle-to-grid interactions, enhancing grid
flexibility [2]. However, while existing works cover a range of converter configurations and
performance optimization methods [2,5,6], most omit the impact of non-idealities inherent in
switching devices and energy storage components. These non-idealities, associated with parameters
like switch resistance and inductor characteristics, significantly affect converter efficiency, dynamic
response, and control accuracy.

In this study, we investigate a two-level DC-DC battery charger (2L-BC) with a focus on
modeling and compensating for these non-idealities. Prior literature on DC-DC converters includes
insightful contributions regarding fast-charging infrastructure and converter configurations [7-10].
Yet, few works address the non-ideal behavior of converters in EV battery charging contexts. For
instance, research on general DC-DC converters has examined the impact of non-idealities in switch
and inductor behavior, although without direct application to EV charging systems [11-13].

This article presents a comprehensive study of a 2L-BC model that includes the effects of
non-idealities in switches and energy storage components, which is an area not commonly addressed
in depth within the literature. The analysis focuses on how these non-ideal parameters influence
essential operating points and performance metrics under both steady-state and dynamic conditions,
offering critical insights for enhancing EV charger design and efficiency.

A key part of this study examines the equilibrium voltage V¢ and its sensitivity to series
resistances r. and Rpsen), revealing that as these parasitic resistances increase, V¢ decreases
significantly. This finding highlights the impact of non-idealities on output stability and efficiency.
The analysis further investigates the inductance L and capacitance C under varying non-ideal
conditions, showing that L decreases as both r_ and Rps(on) decrease, establishing a direct relationship
that influences energy transfer and response time in the converter. In contrast, the capacitance C
remains nearly constant despite variations in r_ and rc, confirming its stabilizing role in smoothing
voltage ripples in the system.

Additionally, this study highlights the effects of non-idealities on charger efficiency (7). The
analysis shows that efficiency peaks under ideal conditions, where parasitic resistances are
minimized, while increased parasitic resistances cause a notable drop in performance. These findings
emphasize the importance of accounting for non-ideal effects in charger design, providing essential
considerations for optimizing both steady-state and transient behaviors in EV charging systems.
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The paper is organized as follows: Sections 2 and 3 present the topology and mathematical
model of the studied charger. Sections 4 and 5 explore the charger’s efficiency and sensitivity to
non-idealities incorporated in the model. Sections 6 and 7 focus on the dimensioning of energy
storage components, such as the inductor and capacitor, and the synthesis of the linear
output-feedback compensator. Finally, Sections 8 and 9 present the simulation results and
conclusions of the study.

2. Battery charger topology

The proposed battery charger topology (2L-BC) is illustrated in Figure 1. It is based on a
two-level DC-DC converter, with the load modeled as a standard battery [14]. The 2L-BC topology
consists of two switches, labeled Q; and Q,, which operate complementarily [15]. These switches are
implemented using MOSFET devices, each incorporating its associated Rpsn) resistance and driving
resistors.

In addition to the switches, the 2L-BC model includes the series resistances of the inductor (r.)
and capacitor (rc), which reflect the non-idealities in these components. The battery is represented by
its internal voltage, vog(t), and its internal resistance, rg. The system variables include the input
voltage, vq4(t), the inductor voltage, v, (t), and the capacitor voltage, vc(t). The currents flowing
through the inductor, capacitor, and battery are denoted as i, (t), ic(t), and ig(t), respectively.

It is assumed that the 2L-BC operates in continuous conduction mode, ensuring a stable
operating regime for the converter under all conditions.

I JrVL(I)_ : | ] :

D Q . L ; 1 15(0)
I - T (t) ! 1 — F I
+ 1 RDS(on) L_ fe I I B + :
v = ; Rosen /Q, i) ' !
_ : v:(t)..r J: i TVOB(I)!
P ——— — . _. .

Two-level de-de Battery
converter

Q, }

o [
Figure 1. Topology of the two-level battery charger. This charger includes the internal
resistors of the MOSFET devices [Rps(ny] and the series resistors of L (r.) and C (r¢).

3. Battery charger modeling

This section presents the modeling of the 2L-BC charger in both steady-state and dynamic
regimes.

3.1. Modeling 2L-BC in steady state

As a preliminary step in the modeling process, it is essential to identify the switching strategy
employed by the converter switches (Q1 and Q). This enables the determination of the switching
function of the system in a steady state, which is represented by the variable s¢(t). The switching
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frequency of the 2L-BC is labeled as fs, and the switching period is defined as Ts = 1/f;. It is known
that both switches operate in a complementary manner, and thus, the following strategy is derived
and defined as follows: in the first half-cycle of the switching period, i.e., when 0 <t < D-Ts,
switches Q; and Q; operate as closed and open, respectively. Subsequently, for the second half-cycle,
that is, when D-Ts <t < Ts, Q1 and Q operate as open and closed, respectively. With this information,
it is possible to define s¢(t) as follows [17]:

(1, 0<t<D-T,
S&”‘{a DT, <t<T, @)

It should be noted that D is the duty cycle under stationary conditions.

The governing equations for the voltage of L [v.(t)] and the current of C [ic(t)] are derived by
applying Kirchhoff’s laws of voltage and current. These equations are functions of the variation of
the topology as the switching half-cycles occur. The topology in the first switching half-cycle is
shown in Figure 2(a), and the expressions for v, (t) and ic(t) are given by:

0.0 =04 — (B 0,0 = () vy ()~ Ry 47l 0 @)

C s
6© = (A7) 1,0 - (215) - ve( + (2) vy 0 ®

where Rin = Rpsen) + L. In contrast, the small ripple approximation (SRA) principle is applied to (2)
and (3), assuming that the ripple of the voltages vq(t), vc(t), and vog(t) and of the current i (t) is
sufficiently small to be neglected, a common assumption in practice [15,16]. The revised versions of
(2) and (3) following the application of the SRA are presented in (4) and (5).

rell7c rell7c
VL(t)sz—< - )'Vc—( )'VOB_(Rin + 1gllre) * I 4)
C
. mHm) (%H%) (@Hﬁ)
t) ~ I, — Ve + -V,
ic(t) ( e L — C —— OB (5)

The topology of the system when operating in the second half-cycle is depicted in Figure 2(b),
and the expressions of v, (t) and ic(t) are defined as follows:

n© == (B) 00 - (2) w05 () = Ry + 151170 - .0 ©
. ey I I
() 0 () ros ()
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Figure 2. Topologies of 2L-BC as a function of the switching half-cycles. (a) Topology
of 2L-BC when 0 <t < D-T; (Q1 = closed and Q, - open). (b) Topology of 2L-BC when
D-Ts<t<Ts(Q1 > open and Q, = closed).

Then, applying the SRA to (6) and (7), the new equations related to this switching half-cycle are
given by:

8|7 18|77
v (t) = —( Brc C) Ve — ( 2 . C) Vo — (Rin +18l17c) " I (8)
. 7”B||7”c> (TB”TC) (TBHTC)
£) ~ I - -V, -V,
ic(t) ( - T e A + o1 o 9)

In light of the fact that the 2L-BC operates in a state of steady-state, the principles of inductor
volt-second balance and capacitor charge balance are applied to the system. With regard to the
former, it is demonstrated that the average voltage of L over one switching period (Ts), i.e., <vi (t)>s,
must be zero [15]. Consequently, the inductor volt-second balance is calculated from (4) and (8) and
stated as follows:

TB||7‘C)_V (TBHrc
- —

= ) Vo — (Rin +18ll7c) -1, =0 (10)

D " Vd - (
B
Conversely, the capacitor charge balance principle is applied according to (5) and (9), resulting

in the verification that equation <ic(t)>rs = 0, as given by [15]:

rB.IL_VC+VOB:0 (11)

It should be noted that (10) and (11) represent the model of the charger in equilibrium (steady
state). For this system, the unknown variables are V¢ and I, while the known variables are D and
Vog. Solving for V¢ and I, yields the steady state variables given by:

78||Rin < rgl|7e )
I, = D-V,— V
L= TR d s Ol

s || R; s ||7 R;
VC:B” m_(D_Vd_(B”C_ in )'VOB)
Ry, L§:] 78||Rin

(12)

From (11), it can be observed that the V¢ dynamics under steady-state conditions exhibit a slight
dependence on the charger non-idealities, particularly with regard to Rps(ny and rp. This is due to the
fact that, in practice, rg is significantly larger than R;,, resulting in rg || Rin = rg. Therefore, the
equilibrium state of the system may change if such resistances are not considered. The model of the
charger in steady-state is illustrated in Figure 3.
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Figure 3. Battery-charger steady-state model.

n steady state

Figure 2 and (1)—(3), (8), and (9) provide the 2L-BC switching model defined by

[_Rin + 18I7c _rBler] l-s(t) _mlle
_[iL(t) _ L re L | [i(® JL f g L ]_[vd(t)]
dt lvc (¢) [ rgl|rc rgl|7c J v (6) l 0 1l|7c J vog (£)
Tc'C TB'Tc'C TB'Tc'C (13)
17 1
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Subsequently, the averaging operator (x(t))r, = i ft I x(t) -dt is applied to (13) over a T,
resulting in the averaged model of the 2L-BC, defined as follows [15,17]:

[ R+l mllrc]
_l(iL(t)>TSl R L _ l(iL(t)>TSl
dt [(ve@)r, | { rgllrc 1 ‘ (ve ()7,
e C g1 C
T"B||7”c
+[ () l(vd(t))T (14)
U | |7’c (vos (D),
T TC
: _ TB||7”c (@), 1
(s O, = [1- 2 . [WC (t»TS] o ()

Finally, the model in (14) is linearized using the Taylor series and the perturbation of the

variables around the points of the charger [11,18] in steady-state. The equilibrium model of the
charger, as represented in (12) [15,17], is used to calculate the steady-state values. It should be noted
that in the switched model of the charger described in (13), the switching function is replaced by its
averaged version, with the addition of a small disturbance in AC, i.e., d(t). The linearization of the
charger results in the derivation of the small-signal state-space model, shown as follows:
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%x(t) = A, x(t) + B, - u(t)
y(t) = Cp - X(t) + Dy - u(t)

(15)

It should be noted that the variables with hats are the small-signal variables, which are assumed to be
much smaller than their steady-state variables [15]. The state vector, defined in (15) as x(t) =
[iL(®), Dc(®)]", groups the state variables. The input vector, defined as
u(t) = [94(t), Dop(t), d(t)]T, groups the input variables. Finally, the output vector, defined as
y(t) = [x(t), 15(6)]", groups the input variables. In this charger, the outputs have been defined as the
state variables plus the load current. Furthermore, x(t) € {R?} and {u(t), y()} e {R>}. Conversely,
the matrices of the model in (15) are defined as follows:

__ Rip4rgllre _ 7Bllrc D rgllr¢ Vg
L rc-L L rg-L L
A, = " |, Bp = " :
rgllrc rgl|rc 0 rgllrc 0
Tc'C T‘B'Tc'C TB'Tc'C
(16)
1 0 0 0 0
C. = 0 1 D. = 0 0 0
Mmoo Argllrc rellrc|” M o — sl
B TrB'TC T‘B'Tc'C

From here, Am, Bm, Cm, and Dy, are the state, input, output, and direct transmission matrices,

4. Efficiency calculation
An interesting figure of merit to characterize the charger is the expression of the performance

parameter (7) [15,19-21]. It is known that 7 = P,/P;, where P; and P, are the input and output power
of the charger, respectively. According to Figure 3, P; and P, are given by

(A DN o v
{Pi‘D <rB||Rm Rm) (Av, = 1) - Vi

A, D\
P=rB-< L ——)-VZ
L ° m8[[Rin  Rin d

From (17), Ay and Ay, are defined as steady-state voltage gains, specifically A,y = Vc/Vg and Ay, =
Vc/Vog. Then, the expression of 7 is calculated and shown as follows:

(17)

~ A,, D 1
T=Ts" (rBHRin B R_> ' ((AVZ ~1)- D) (18)

It is interesting to note that this expression is of the nonlinear type, mainly due to the presence
of A1 and Ay, Furthermore, it can be seen that the efficiency is strongly dependent on the

AIMS Electronics and Electrical Engineering Volume 9, Issue 1, 60-80.



67

non-idealities Rpsen) and ry, and it can be confirmed from (18) that this dependence is of the
hyperbolic type.

Some observations can be drawn from the latter:

o The efficiency is highly sensitive to the non-idealities of the charger, such as the resistance
Rbs(n) and the inductor resistance ry.

e The dependence on these resistances follows a hyperbolic type, emphasizing that as the losses
increase (due to higher Rps(on) Or 1), the efficiency decreases.

This section highlights the importance of these non-idealities in the performance of the charger
and how they affect its overall efficiency. The equation provides a framework to optimize the design
by minimizing these losses to maximize efficiency.

5. Sensitivity analysis

The goal of the sensitivity analysis is to evaluate how variations in the non-ideal resistive
parameters—specifically r., rc, and Rpseny—affect the efficiency # of the 2L-BC. By computing
partial derivatives of the efficiency equation with respect to each of these parameters [22], insights
are obtained into the individual and relative impacts of each non-ideality on system efficiency.

5.1. Sensitivity to r,

The analysis of sensitivity with respect to the inductor resistance r_ reveals its significant
influence on the overall efficiency # of the 2L-BC. As r_ directly contributes to the input resistance
Rin (Where Rin = Rpsn) + L), an increase in ry raises Rin, thereby affecting the voltage gain terms Ay
and A, both of which depend on R;,. The partial derivative of efficiency with respect to r. is given

by:

an on OR;, on A, =D T8
T = ' o= ( (29)

= = = .
arL aRin aTL aTL AVZ — 1) D Rinz

Equation (19) indicates that the sensitivity of # to r_ is inversely proportional to Ri,>. This
hyperbolic relationship implies that an increase in ri_ leads to a decrease in efficiency, highlighting r_
as a critical parameter. Reducing r_ by selecting low-resistance inductors or optimizing inductor
design can mitigate resistive losses and enhance charger efficiency. Thus, managing inductor
resistance is essential for optimizing overall system performance, particularly in high-efficiency
applications

5.2. Sensitivity to rC
The capacitor resistance rc influences the voltage gain Ay,, defined as the ratio of the capacitor

voltage V¢ to the output voltage Vog. Changes in rc modify Ay, which in turn affects efficiency. The
partial derivative of # with respect to rc is expressed as:
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on _ On 0Av,  On _ 1 _(rBIIRm>_(rBIIrc)2_( A, _3) .
o~ 0A, 0 o \p-(4,—1)) \ Re /) iR, Ry O

Expression (20) shows that the sensitivity of # to rc is influenced by rc’s interactions with rg
and Ri,. This complex relationship implies that increasing rc can significantly affect efficiency due to
its quadratic effect on the gain term, reducing » more strongly as rc rises. Consequently, minimizing
rc through capacitor selection or design adjustments can enhance efficiency, especially in systems
where resistive losses are critical. This emphasizes the importance of keeping rc low for optimal
performance in high-efficiency charging applications.

5.3. Sensitivity to RDS(on)
The MOSFET on-resistance Rpson) also contributes to Rin, thus influencing both voltage gains

Av1 and Ay, which impact efficiency. The sensitivity of # to Rps(n) is derived by differentiating the
efficiency equation with respect to Rps(on):

) a R, 9 A, —D r
n n n < . ) B 2

= . = = — .
aRDS (on) aRin aRDS (on) 6RDS (on) (sz - 1) D Rinz

Expression (21) reveals that Rpsen) and r produce identical sensitivity effects on # due to their
combined role in Ri,. The analysis indicates that increases in either Rpsen) Or 1. lead to efficiency
reductions, as both raise Rj,, which in turn lowers A,; and Ay,, thus decreasing 7. This result
underscores the importance of minimizing both Rpseny and rp to improve efficiency, especially in
high-performance charger designs where resistive losses need to be minimized.

6. Land Csizing

In order to calculate the energy storage elements, L and C, the slopes (m) of i_(t) and vc(t)
during the first switching half-cycle, i.e., in the time interval 0 <t < D-T;, are considered. These
slopes are obtained from (4) and (5), respectively. Additionally, the slopes of i (t) and vc(t) are
depicted in Figure 4(a) and (b), respectively. Based on Figure 4 and the aforementioned equations,
the values of L and C are calculated and presented as follows:

1 D " TS TB + Rin) Rin ]
L > . — . _n,
- 2 AIL [Vd ( TB VC + T'B VOB (22)
C>1 D'TS'T'B”T'C [[ 1 v +1 v ]
2 T av L Vet Von (23)

From (22) and (23), the maximum allowable ripple percentages with respect to V¢ and 1, i.e., AVc
and Al respectively, can be calculated. It can also be seen that both AVc and Al_ represent the
constraints imposed on 2L-BC, which must be met. It is once again evident that the non-idealities of
the charger affect the sizing of the energy storage elements, specifically at L and C. Nevertheless, as
indicated by (22) and (23), the sizing of L is more significantly influenced by the variation of Rps(on)
and r._ than by the sizing of C.
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Figure 4. Waveforms of i, (t) and v¢(t) in the steady-state of 2L-BC. (a) i_(t) waveform.
(b) vc(t) waveform.

7. Compensator synthesis

The linear model in (15) is considered, and the Laplace transform (s) is applied to obtain the
s-domain model shown as follows:

Y(S) = (Cm ’ (S 11— Am)_l ) Bm + Dm) ’ U(S) (24)

In (24), 1 is an identity matrix of dimension 2>2. From (24), it follows that Y (s) = [I.(s), Vc(s),
Is(s)]" and U(s) = [Va(s), Vor(s), D(s)]" are the complex output and input vectors, respectively. These
vectors are defined as {U(s), Y(5)} € {C°}.

Figure 5 presents the proposed control diagram for the 2L-BC, structured with a standard output
feedback configuration [18]. The primary control goal is to regulate ig(t) using a Pl compensator,
chosen for its simplicity and well-established performance in power electronics applications. The PI
compensator, extensively studied in the literature, is widely recognized for its effectiveness in
reducing steady-state errors and ensuring stable transient responses, making it highly suitable for
systems like the 2L-BC.

2L-BC + Load
-"]_('r)

I

l‘d(n') —_—

Vop(l) 13)

si(t)

d(r) -
Modulator Controller

+
ig* ()

Figure 5. Proposed control system for the 2L-BC. The proposed control diagram is based
on the standard feedback structure, based on a PI feedback compensator and the linear
charger plant defined by (15). It should be noted that, in this diagram, the switched and
nonlinear dynamics of the converter and the battery are present in the same block labeled
by (13).

In this configuration, the PI controller outputs the duty cycle d(t), which is then fed into the
charger modulator. The modulator produces the switching function s¢(t), which manages the states of
switches Qi and Q; according to (1). This approach leverages the robustness of PI control to handle
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non-idealities in the 2L-BC, thereby enhancing system stability and performance across variable load
conditions.

The transfer function of interest for this control system is obtained from (24), which
corresponds to:

() . (1+ wiz) -
O™ ) (02

The steady-state gain (k), the zero (w;), and the poles (wp1 and wp,) are defined as follows:

— V4
L-C-(rg+rc)wp wp,’

k Wy, = —0.5 " Regry + /(0.5 - Regr1)? — Reirz,

P1

Wy, = —0.5" Regr1 — /(0.5 Refr1)? — Retrz, Regr1 = rB”T_CC + I, - (Riy +13ll7c) (26)

rB'rc

18| |7c)? 1 I I, - Ry, - 13]|7

ReffZZ(B”.C) ( . +_L)+ L .m .B||C
e C L-re 13 C-1c13

The controller described in Figure 5 is designed using the phase-margin test (PMT) [15]. As

illustrated in Figure 5, and in accordance with the extensive literature on Pl compensators, this
compensator can be modeled as follows [15]:

Go(s) = ky(1 + 1/7i/5) (27)

where k, and 7 are the proportional and integral constants, respectively. The block diagram
associated with this loop is illustrated in Figure 6. On the other hand, the loop gain of the system is
defined by:

w
Ts(s) = Gs(s) " k - 28
(1+2) (1+) @9
pP1 P2
1*5() + ~ E(5) 6.9 D(s) (L¥sleo, ) (LSTany) (L+5leo) I5(s)

N

Figure 6. Block diagram of the charger charging current control loop.

On the other hand, the modulator is based on pulse-width modulation (PWM), and its design
and operation are described in Figure 7 [15,16]. Its Laplace model is given by M(s) = 1/Vy, whereg, in
this case, Vi = 1 V. The high-frequency carry function is represented by the following model:
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— 1, a(t) = Vearry ®
se(t) = {0, d(t) < Vearry (0) "
Vearry (1) d(r)
| >
T, !
sr)
1
T, !

Figure 7. PWM generation for the 2L-BC. A sawtooth waveform is compared with the
signal d(t) and, as a result of this operation, according to (19), the switching function s¢(t)
is generated.

According to the PMT, it is necessary to study the frequency behavior of the loop gain where
the compensator G(S) is not involved, assuming that G¢(s) = 1. This loop gain [T,(s)] is given by:

(1+wiz)

(+a) (1+2) (30)

Table 1 provides a list of the parameters associated with the charger under study [23]. Table 1
indicates that the frequency response of (30) can be obtained and illustrated in Figure 8. With regard
to the PMT, the crossover frequency (f) of the frequency response of T,(s) can be considered to be
equal to the switching frequency of the charger, that is, f. = f; = 27 kHz. Consequently, Figure 8
reveals that f. ~ 13.2 kHz. Consequently, a compensator is necessary to bring the f. of the
uncompensated system as close as possible to f;. As part of the procedure, the compensated loop gain
of the system has been defined in (25). However, by making the change of variable s = j-w, assuming
w >> 1, defining that o, = ws, and considering (24):

T,(s) =k-

k-k
TG w)=—j- wcp (31)

Table 1. 2L-BC parameters.

Parameter Value Parameter Value
Ros(on) 35 [mQ] C 100 [nF]
r. 1[Q] Vos 450 [V]
rc 1.5[Q] D 0.9
rc 1[Q] AVc 5 [%)]
L 9.5 [mH] Al 5 [%)]
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Bode Diagram
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Figure 8. Frequency response of (27). f. ~ 13.2 kHz.

valid for high frequencies. The PMT can be applied to yield the following [15]:

i k- kp Ws
abs | T(j - w)|@hnigh frequency | =1 = =1=k,= _| (32)

w=w, W k Ws=wWc

and, to ensure good stability, 77 = 100/ws is defined [15]. Consequently, the Pl compensator has
already been designed. In order to verify that the Pl has been properly designed, (28) must be
evaluated. Figure 9 illustrates the frequency response of the compensated loop gain.

From Figure 9, it can be established that the f. (= 29 kHz) is close to f;, which indicates that the
design of the PI compensator is adequate.

Bode Diagram

[*2)
(=}

many) T T

Magnitude (dB)
[3® J N
o O
T T
L 1

/

Phase (deg)
© &
S v
T T
}I 1

—_
w
(9,1

10° 102 10* iegs
Frequency (Hz)

Figure 9. Frequency response of (25). f. ~ 29 kHz.
8. Simulation results

The simulation of the switched and averaged 2L-BC models defined in (13) and (14),
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respectively, is performed using MATLAB Simulink and Table 1. The control system proposed in
Figure 5 is also implemented. The 2L-BC is supplied with a dc voltage V4 = 800 V and operates with
an fs of 27 kHz.

The initial conditions of the 2L-BC are imposed on the battery and inductor currents, as well as
on the capacitor voltage. This is indicated by the following values: igo = iLo = 0 Aand vco = 400 V. In
contrast, the initial reference value of the load current is I*g = 30 A.

Figure 10 depicts the simulation results for the transient dynamic responses of ig(t), i(t), vc(t),
d(t), and vog(t) in their switched version, i.e., igsm(t), iLsm(t), Vcsm(t), dsm(t), Vossm(t), and in their
averaged version, i.e., igay(t), iLav(t), Vcav(t), dav(t), and vogay(t), respectively. Regarding the 2L-BC
operation, at 60 ms, there is a step change in ig(t), reaching a new value of 40 A and subsequently
entering a steady state. Additionally, at 90 ms, a change in the load is generated, resulting in a shift in
the internal battery voltage, vog(t), from 450 to 350 V. This disturbance in the system dynamics is
observed at 90 ms.

" ?'fg (t) _iB(t)sm i':B (t)d\l _iL (t)sm _iL(t)a.V
100 r v 40 L N
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Figure 10. Simulation results of the 2L-BC in transient operation with initial conditions
of igo =i 0 =0 Aand vco =400 V. Step change in ig(t) at 60 ms and a disturbance in vog(t)
at 90 ms. (a) Dynamic response of ig(t). (b) Dynamic response of i (t). (¢) Dynamic
response of v¢(t). (d) Dynamic response of d(t). (e) Disturbance in vog(t).
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Figure 10(a) illustrates that ig(t) behaves as if it were a first-order system, exhibiting no
overshoot and zero steady-state errors. The settling times are notably brief, with ig(t) reaching its
steady state after startup in just 30 ms. Following the step change in i g(t), ig(t) reaches its final
steady-state value in 4 ms. Furthermore, upon the occurrence of a change in load, a transient is
generated in ig(t) of a very short duration (resembling a pulse, as described by [18]), with a duration
of approximately 1.5 s, after which it returns to its steady state value of 40 A. This situation serves
to illustrate the optimal design of the PI compensator, while also demonstrating the adequate stability
of the system.

Conversely, it can be demonstrated that the sizing of L and C is adequate and meets the ripple
requirement. That is, the ripple of i, (t) and vc(t) is lower than Al and AV, respectively.

As illustrated in Figure 10(b) and (c), it can be observed that the values of Al_ and AV reach
0.16% and 2.4%, respectively.

In addition, the dynamics of i (t) and vc(t) are observed to work correctly with a step change in
i 'g(t) and a change in load. After starting, vc(t) takes the value of 480 V and i, (t) takes the value of
30A.

Then, for the step change in ig(t), a logical increase in both variables [in i (t) and vc(t),
respectively] is generated. Finally, when the disturbance is generated in the load, i(t) takes its
maximum value of 45.43 A and, after 13 ms, it returns to its value of 40 A. On the other hand, vc(t)
suffers a significant decrease, taking a transient value of 395.4 V, and after 10 ms, it reaches its final
steady state value of 390 V. Such a condition generated in both variables after the load disturbance
can be verified by analyzing expressions (2), (3), (6), and (7).

In Figure 10(d), it is observed that after system startup, the duty ratio d(t) takes the value of 0.64.
After the step change in ig(t), d(t) takes a new steady state value of 0.66 and finally, when the load
change occurs, d(t) undergoes an impulse type of disturbance and reaches its minimum value of 0.01
for a time of 1.5 ps [similar to ig(t)]. It also assumes a new steady state value of 0.54. On the other
hand, a stable and unsaturated behavior is observed at d(t), which implies a greater slack in the
control of ig(t). In addition, a small overshoot in d(t) is observed in response to the step change in
ig(t). It is also observed that the switching frequency fs is transferred to d(t) due to the operation of
the switches according to the switching strategy described in (1).

Figure 11 presents a series of surface plots analyzing the effects of variations in non-ideal
parameters on the equilibrium point Ve and the values of inductance L and capacitance C.
Specifically, Figure 11(a) shows the equilibrium voltage V¢ as a function of inductor resistance r_
and MOSFET on-resistance Rpsen); Figure 11(b) illustrates the variation of L as a function of r_ and
Ros(n); @and Figure 11(c) depicts the variation of C as a function of r_ and capacitor resistance rc. The
constant parameters and respective variables are listed in Table 2.

In Figure 11(a), the expression for V¢ follows (12), while the expressions for L and C in Figures
11(b) and 11(c) are given by (22) and (23), respectively. From Figure 11(a), it is evident that V¢
decreases significantly with increases in r_ and Rpsen), indicating an inverse relationship. This
finding aligns with the sensitivity analysis, which showed that higher r_ and Rps(n) reduce efficiency
due to increased input resistance Rj,, impacting the voltage gain terms Ay; and A».

In Figure 11(b), the value of L decreases as both r_ and Rps(n) decrease, demonstrating a direct
relationship between L and these parameters. This relationship is consistent with the overall system’s
sensitivity to resistive elements, suggesting that minimizing r. and Rpsen) Can mitigate resistive
losses and positively influence system performance.
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In contrast, Figure 11(c) indicates that the magnitude of C remains nearly constant despite
variations in r_and rc, confirming the observations in Section 6. The value of C appears close to zero
in the plot for scaling purposes, although it is approximately 100 nF.
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Figure 11. 3D plots showing the variations of V¢, L, and C as a function of Rpsen), I,
and rc. (a) Variation of V¢ as a function of r_ and Rps(n). (b) Variation of L as a function
of r and Rps(on). () Variation of C as a function of r_ and rc.

Table 2. Parameters and variables for the cases illustrated in Figure 11.

Parameter Vc = f(Rpson), ') L = f(Ros(on), I'.) C=f(re, r)
Vy 800 [V] 800 [V] 800 [V]
re 1.5[Q] 1.5[Q] 10-6: 1: 103 [Q]
rs 1[Q] 1[9Q] 1[9Q]
Vos 450 [V] 450 [V] 450 [V]
D 0.9 0.9 0.9
AVc 0.02 [V] 0.02 [V] 0.02 [V]
Al 0.14 [A] 0.14 [A] 0.14 [A]
Is 30 [A] 30 [A] 30 [A]
V. - 400 [V] 400 [V]
Ros(on) 10-6:1:103 [Q] 10-6:1: 103 [Q?] 35 [MmQ]
r. 10-6: 1: 103 [Q] 10-6: 1: 103 [Q] 10-6: 1: 103 [Q?]

Figure 12 illustrates the sensitivity of efficiency # as a function of r_ and Rps(on), derived from
(18). The surface plot reveals that charger performance is maximized under ideal conditions, where
r. = Ros(on) = 0. As these non-ideal parameters increase, efficiency # declines sharply, consistent with
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the sensitivity analysis that showed an inverse relationship between # and both r_ and Rpsen). This
trend underscores the critical importance of minimizing these resistive losses when designing
high-efficiency chargers. Table 3 lists the constant parameters and the variables relevant to this
analysis.

These observations provide essential design insights, highlighting that reducing non-idealities r,
Ros(n), and rc is imperative for maintaining high efficiency in charger applications.

0.8 —
0604 5
[TL} [TDS(OH)]
Figure 12. 2L-BC performance variation as a function of Rps(n) and ry.

Table 3. Parameters and variables for variation.

Case Parameter Value
Vy 800 [V]
rc 1.5[Q]
rs 1[9Q]
Vos 450 [V]
D 0.9
1= f(Ros(on), L) AVe 0.02 [V]
Al 0.14 [A]
Is 30 [A]
Rbson) 10-6: 1: 103 [Q]
r. 10-6: 1: 103 [Q?]

Figure 13 depicts the surfaces plotted in relation to the sensitivity expressions derived in
(19)—(21). From this, it can be demonstrated that as r_. and Rpsen) increase, the efficiency (7)
decreases significantly until a saturated value is reached [see Figure 13(a)]. Additionally, Figure 13(b)
illustrates that as rc increases, 7 also decreases significantly. This further verifies the strong
dependence of these non-idealities on the behavior of 7.

Figure 14 illustrates the step response of the loop gain in (25). From this figure, it can be
observed that the dynamics under transient of (25) behave as a first-order system. Moreover, it can
be identified that the system reaches a steady state at approximately 20 ms, demonstrating that the
system responds rapidly to disturbances of this nature.

Finally, Figure 15 depicts the root locus diagram of (28). From this figure, it can be concluded
that the loop gain exhibits a totally stable behavior, as all its poles are in the left half-plane of the
s-plane. Furthermore, it is demonstrated that the system in question (28) has two zeros and two poles.
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9. Conclusions

This work presents a detailed analysis of the two-level battery charger (2L-BC) performance
using both switched and averaged models, with simulations conducted to validate the proposed
control system and its design. The simulation results demonstrate that the system performs
effectively under a range of operating conditions, with robust transient responses and well-behaved
dynamic characteristics. Specifically, the battery current, inductor current, and capacitor voltage
exhibit first-order dynamics, with settling times of just 30 ms after startup and 4 ms following step
changes in load. These results confirm the rapid response capabilities of the system, highlighting the
efficient performance of the Pl compensator in maintaining minimal steady-state errors and
overshoot.

Ripple analysis further supports the adequacy of the system design, with the ripple in inductor
current and capacitor voltage kept well below the specified limits, verifying that the inductance and
capacitance values chosen meet the performance requirements. The duty cycle shows stable behavior
even during load changes, further illustrating the control strategy's effectiveness in maintaining
system stability under dynamic conditions. These findings underscore the importance of a
well-designed control system that can manage real-time variations while minimizing ripple and
ensuring efficient power conversion.

Sensitivity analyses on non-ideal parameters, including inductor resistance, MOSFET
on-resistance, and capacitor resistance, reveal their significant impact on system performance,
particularly efficiency and equilibrium voltage. As these resistive losses increase, efficiency declines
due to higher losses in the power stages. The equilibrium voltage decreases with higher values of
inductor resistance and MOSFET on-resistance, highlighting the importance of minimizing these
resistances to maintain high efficiency. Additionally, the analysis confirms that the sizing of the
inductor and capacitor is well-calibrated to meet ripple requirements without compromising
performance.

The efficiency analysis indicates that maximum performance is achieved when resistive losses
are minimized. As resistances such as inductor resistance, MOSFET on-resistance, and capacitor
resistance increase, efficiency declines sharply, reinforcing the need for careful component selection
to reduce these non-idealities. The results suggest that even small increases in these resistances can
lead to significant efficiency losses, underscoring the importance of considering component
tolerances and non-idealities during the design phase.

The loop gain analysis indicates that the system's dynamics behave as a first-order system, with
fast transient responses and minimal overshoot. The system reaches steady-state conditions quickly,
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demonstrating its ability to respond efficiently to rapid disturbances. The root locus analysis
confirms the stability of the control system, with all poles residing in the left half-plane of the s-plane,
ensuring robust performance under various operating conditions.

Overall, the findings from this study offer valuable insights into the design and optimization of
battery chargers, emphasizing the importance of selecting components with low resistances to
maximize system efficiency. The proposed control system is shown to be effective in ensuring stable
and efficient operation, providing an essential framework for future developments in high-efficiency
power converters. Future research could explore further refinements in the control strategy and
experimental validation, as well as the integration of more advanced control techniques, such as
model predictive or sliding mode control, to enhance system robustness and transient response,
especially in the presence of larger disturbances or component aging.

Author contributions

Conceptualization: JIMCS; Formal analysis: JIMCS, JLAL, and RF; Investigation: JMCS, JLAL,
and RF; Methodology: JMCS and RF; Supervision: JMCS; Validation: JMCS, JLAL, and RF;
Visualization: JLAL and RF; Writing — original draft: JMCS; Writing — review & editing: JLAL and
RF.

Conflict of interest
The authors declare that there is no conflict of interest in this paper.

References

1. Khaligh A, D’Antonio M (2019) Global Trends in High-Power On-Board Chargers for Electric
Vehicles. IEEE T Veh Technol 68: 3306-3324. https://doi.org/10.1109/TVT.2019.2897050

2. Tu H, Feng H, Srdic S, Lukic S (2019) Extreme Fast Charging of Electric Vehicles: A
Technology Overview. IEEE T Transp Electr 5: 861-878.
https://doi.org/10.1109/TTE.2019.2958709

3. Rahimi-Eichi H, Ojha U, Baronti F, Chow MY (2013) Battery Management System: An
Overview of Its Application in the Smart Grid and Electric Vehicles. IEEE Ind Electron Mag 7:
4-16. https://doi.org/10.1109/MIE.2013.2250351

4. Sfakianakis GE, Everts J, Lomonova EA (2015) Overview of the Requirements and
Implementations of Bidirectional Isolated AC-DC Converters for Automotive Battery Charging
Applications. Proceedings of the 2015 Tenth International Conference on Ecological Vehicles
and Renewable Energies (EVER), 1-12. https://doi.org/10.1109/EVER.2015.7112939

5. Kim JM, Lee J, Eom TH, Bae KH, Shin MH, Won CY (2018) Design and Control Method of
25kW High Efficient EV Fast Charger. Proceedings of the 2018 21* International Conference
on Electrical Machines and Systems (ICEMS), 2603-2607.
https://doi.org/10.23919/ICEMS.2018.8549491

6. Ronanki D, Kelkar A, Williamson SS (2019) Extreme Fast Charging Technology—Prospects to
Enhance Sustainable Electric Transportation. Energies 12: 3721.
https://doi.org/10.3390/en12193721

7.  Medén A (2023) DC-DC Converter for Fast Charging with Mobile BESS in a Weak Grid 2023.

AIMS Electronics and Electrical Engineering Volume 9, Issue 1, 60-80.


https://doi.org/10.1109/TVT.2019.2897050
https://doi.org/10.1109/TTE.2019.2958709
https://doi.org/10.1109/MIE.2013.2250351
https://doi.org/10.1109/EVER.2015.7112939
https://doi.org/10.23919/ICEMS.2018.8549491
https://doi.org/10.3390/en12193721

80

8. Kilicoglu H, Tricoli P (2023) Technical Review and Survey of Future Trends of Power
Converters for Fast-Charging Stations of Electric \ehicles. Energies 16: 5204.
https://doi.org/10.3390/en16135204

9. Ketsingsoi S, Kumsuwan Y (2014) An Off-Line Battery Charger Based on Buck-Boost Power
Factor Correction Converter for Plug-in Electric \Vehicles. Energy Procedia 56: 659-666.
https://doi.org/10.1016/j.egypro.2014.07.205

10. Tofoli FL, Pereira D, de C Josias de Paula W, Oliveira J(nior D de S (2015) Survey on
Non-Isolated High-Voltage Step-up Dc-Dc Topologies Based on the Boost Converter. IET
Power Electron 8: 2044-2057. https://doi.org/10.1049/iet-pel.2014.0605

11. Rim C, Joung GB, Cho GH (1988) A State-Space Modeling of Nonideal DC-DC Converters.
PESC 88 Record 19th Annual IEEE Power Electronics Specialists Conference (1988), 943-950.
https://doi.org/10.1109/PESC.1988.18229

12. Molina-Santana E, Gonzalez-Montarfez F, Liceaga-Castro JU, Jimenez-Mondragon VM,
Siller-Alcala |1 (2023) Modeling and Control of a DC-DC Buck-Boost Converter with
Non-Linear Power Inductor Operating in Saturation Region Considering Electrical Losses.
Mathematics 11: 4617. https://doi.org/10.3390/math11224617

13. Siddhartha V, Hote YV (2018) Systematic Circuit Design and Analysis of a Non-Ideal DC-DC
Pulse Width Modulation Boost Converter. IET Circ Device Syst 12: 144-156.
https://doi.org/10.3390/math11224617

14. Igbal M, Benmouna A, Becherif M, Mekhilef S (2023) Survey on Battery Technologies and
Modeling Methods for Electric \ehicles. Batteries 9: 185.
https://doi.org/10.3390/batteries9030185

15. Erickson RW, Maksimovic D (2013) Fundamentals of Power Electronics, Springer Science &
Business Media.

16. Mohan N (1995) Power Electronics: Converters, Applications, and Design, Wiley.

17. Alepuz S (2004) Aportacicn al control del convertidor CC/CA de tres niveles, Universitat
Politesnica de Catalunya.

18. Katsuhiko O (2009) Modern Control Engineering, Boston.

19. Thingvad A, Ziras C, Marinelli M (2019) Economic Value of Electric Vehicle Reserve
Provision in the Nordic Countries under Driving Requirements and Charger Losses. J Energy
Storage 21: 826-834. https://doi.org/10.1016/j.est.2018.12.018

20. Lee J, Kim JM, Yi J, Won CY (2021) Battery Management System Algorithm for Energy
Storage  Systems  Considering  Battery  Efficiency.  Electronics  10:  1859.
https://doi.org/10.3390/electronics10151859

21. Su X, Sun B, Wang J, Ruan H, Zhang W, Bao Y (2023) Experimental Study on Charging
Energy Efficiency of Lithium-lon Battery under Different Charging Stress. J Energy Storage 68:
107793. https://doi.org/10.1016/j.est.2023.107793

22. Khalil H (2014) Nonlinear Control, 1* edition, Pearson: Boston.

23. Husain | (2010) Electric and Hybrid Vehicles: Design Fundamentals, 2" edition, CRC Press.

EE ©2025 the Author(s), licensee AIMS Press. This is an open access

% AIMS Press article distributed under the terms of the Creative Commons

AIMS

Attribution License (http://creativecommons.org/licenses/by/4.0)

Electronics and Electrical Engineering Volume 9, Issue 1, 60-80.


https://doi.org/10.3390/en16135204
https://doi.org/10.1016/j.egypro.2014.07.205
https://doi.org/10.1049/iet-pel.2014.0605
https://doi.org/10.1109/PESC.1988.18229
https://doi.org/10.3390/math11224617
https://doi.org/10.3390/math11224617
https://doi.org/10.3390/batteries9030185
https://doi.org/10.1016/j.est.2018.12.018
https://doi.org/10.3390/electronics10151859
https://doi.org/10.1016/j.est.2023.107793

