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ABSTRACT This paper presents the mathematical modeling and control design of a high-power-density
bidirectional DC-DC converter topology based on the three-state switching cell (3SSC). The operation
stages corresponding to distinct duty cycle intervals are thoroughly analyzed, and state-space techniques
are employed to derive small-signal dynamic models for both Buck and Boost modes. These models serve
as the foundation for the design of digital compensators using classical frequency-domain control methods,
ensuring compliance with predefined performance specifications. To verify the accuracy and applicability of
the derived models, a comparative analysis is conducted between simulated and experimental closed-loop
responses. The same compensators, designed using the mathematical models, are implemented both in
circuit-level simulations and in a 2kW hardware prototype operating at 200 V in Buck mode and 550V
in Boost mode, with a switching frequency of 20kHz. The observed agreement in dynamic behavior
under both reference and load disturbances validates the proposed models and confirms their suitability for
control-oriented applications. This comparative validation approach represents the main contribution of the
work, demonstrating that the small-signal plant models faithfully reproduce the real converter dynamics
and can be reliably used in the design of digital controllers for bidirectional power conversion systems.

KEYWORDS Bidirectional DC-DC converter, small-signal modeling, state-space averaging, experimental

validation, cascaded control, electric vehicle.

I. INTRODUCTION

In response to the global energy crisis, renewable energy
sources have emerged as viable alternatives to mitigate
reliance on fossil fuels [1]]. Despite the continued dominance
of fossil fuels in many regions, due to well-established
infrastructure and a robust global market for exploration,
refining, distribution, and storage, renewable energy options
are steadily gaining prominence [2[|—[4]].

Vehicle electrification offers a significant opportunity to
reduce atmospheric pollutant emissions [5f], [6]. However, the
driving force behind the advancement of this technology is the
increasing stringency of regulations standardizing and limiting
such emissions. In most countries, regulatory frameworks
have progressively tightened, compelling automakers to
design and certify vehicles that meet stricter emissions
standards [7]], [8]].

The global market for electrically powered vehicles is
experiencing rapid expansion, driven by efforts to phase out
internal combustion engines [9]]. Consequently, the traditional
automotive industry must reinvent itself and face competition

from a new generation of fully electric vehicles [10], [[11].
Supporting this transformation, various sectors have devel-
oped to address diverse requirements, encompassing not only
manufacturing but also the maintenance and servicing of
these vehicles [[12].

In energy systems, power transfer from a source to a load
typically involves converting higher source voltage levels to
match the load requirements [[13]], [14]]. This is straightforward
when the load exhibits passive behavior, allowing unidirec-
tional power flow. However, modern applications, such as
electric vehicles (EVs), hybrid electric vehicles (HEVs), and
uninterruptible power supplies (UPS), demand bidirectional
energy transfer capabilities [[15]-[18]]. These applications
require power converters capable of supporting bidirectional
energy flow, particularly in EV applications [19], [20]. Recent
advancements in power electronics have led to the widespread
adoption of bidirectional converters in transportation, driven
by improvements in efficiency and power density [21]-[23].

The power converter analyzed in this paper, supports
bidirectional energy flow in both Boost and Buck modes as
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FIGURE 1. Bidirectional DC-DC power interface for energy transfer
between the battery and DC link in EV applications.

shown in When power flows from the low-voltage
(LV) side (E7) to the high-voltage (HV) side (E5), the circuit
operates in Boost mode. Conversely, in Buck mode, power
flows from the HV side (F>) to the LV side (£7). The power
topology of the converter was originally proposed in [24] as
shown in

Although both ports are connected to voltage sources, in
one side the battery and another side the DC-link capacitor,
in typical EV applications, as depicted in the small-
signal modeling treats one side as an ideal voltage source and
the opposite side as a resistive load. This standard approach
simplifies the derivation of control-oriented transfer functions
while accurately representing the dominant dynamics for
controller design, as the resistive load effectively emulates
the average power consumed by the downstream stage under
nominal conditions.

In the context of EVs, precise mathematical models of
converter operating modes are essential for designing effective
controllers. EV applications demand well-regulated currents
and voltages to ensure safe and reliable operation [25].
Lithium-ion batteries, commonly used in EVs, are sensitive
devices with low tolerance for overcharging, overvoltage, and
overdischarge, conditions that can lead to thermal runaway, a
critical state characterized by excessive heat generation and
potential fire hazards [26]. Thus, an accurate mathematical
model is crucial for the bidirectional converter under study,
as it handles both charging and discharging cycles for such
batteries.

State-space modeling is the most appropriate approach
for these complex systems, as it maintains mathematical
simplicity even as the number of state variables increases. In
contrast, traditional transfer-function-based methods often
complicate the analysis of higher-order converters [27].
Moreover, state-space modeling accommodates both linear
and nonlinear systems, offering efficient solutions for higher-
order systems and overcoming the limitations of classical
methods.

The growing demand for efficient and compact power
conversion systems in electric vehicles (EVs) has driven
research towards multi-functional converters capable of
operating in both Buck and Boost modes. These converters

must ensure high performance across a wide input voltage
range while maintaining compactness and simplicity.

A promising topology addressing these requirements was
recently proposed in [24]], introducing a non-isolated DC-DC
converter with reduced component count and extended voltage
gain range with bidirectional power flow capability. While the
original proposal focused on the converter’s static behavior
and basic operation, 28] presents a theoretical analysis of the
operating stages, along with the mathematical modeling and
validation of the models for the converter operating in Buck
mode. However, a detailed dynamic analysis, including small-
signal modeling and closed-loop control design, remains
lacking in the literature.

This paper presents a comprehensive study of the converter
introduced in [24]], focusing on its small-signal modeling,
controller design, and experimental validation. The main
goal is to evaluate the dynamic behavior of the converter
using the state-space averaging (SSA) technique and to
verify the accuracy of the model through both simulation
and experimental results. Additionally, a practical current
and voltage-mode control system is implemented and tested,
confirming the effectiveness of the modeling approach.

The contributions of this work can be summarized as
follows:

e Derivation of a small-signal model for the converter
using SSA, covering buck and boost operating modes.
e Design and implementation of a closed-loop current and
voltage control system based on the developed model.
e Experimental validation of the theoretical model through
direct comparison with the converter’s dynamic behavior.

The paper is organized as follows. Section [lIf presents
the dynamic modeling of the converter operating in Boost
mode, followed by Section which details the modeling
for Buck mode. Section |[V|provides a comparative analysis
between simulation and experimental results, highlighting the
validation of the proposed small-signal models and control
strategy. Finally, Section[V]summarizes the main contributions
and conclusions of the work.

Il. DYNAMIC MODELING IN BOOST MODE

The Boost and Buck modes are analyzed separately in the
bidirectional DC-DC converter, resulting in distinct transfer
functions for each operating mode, as presented in this paper.
All derivations are carried out assuming Continuous Conduc-
tion Mode (CCM) for both modes. A state-space model is
employed to derive equivalent mathematical representations
of the converter’s operation in both modes [29].

Initially, the state-space variables relevant to each opera-
tional stage of the converter in Boost mode are defined. In
this mode, the series resistances (ESR) of the main inductor
L and the output capacitor Cy are explicitly included due
to their noticeable influence on damping and losses. For
simplicity, the ESRs of the auxiliary inductors Ly and L3
are neglected, as their values are significantly lower than that
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https://creativecommons.org/licenses/by/4.0/

Original Paper

Bidirectional power flow:

Boost mode Buck mode
El = E2 E1 = E2 SLI
1 L1 RLI L2

I =

sqﬁ}silﬁ} 1.

+
Ey (D Vo1 §R1 L3
_ R s?l

S2<|'<‘}
S(?IK!}

ERE

Ry —

22

win (O

FIGURE 2. Non-isolated three-state switching cell (3SSC) based bidirectional DC-DC converter for mathematical modelling and transfer function validation

proposed by [24].

of L and their contribution to the overall system dynamics
is minor in this topology.

The state-space variables utilized in this paper include the
currents through inductors Ly, Lo, and Lg, along with the
voltage across the capacitor C5, as shown in and (2),
respectively.

an - <vL”(t)>Ts for n= 172’3' (1)
CQ@ - <i02(t)>Ts @)

Considering ideal switches in the mathematical models
results in equivalent circuits that allow for the grouping of
operation stages. By analyzing the eight operation stages of
the Boost mode [30], it is possible to obtain similar stages
by considering ideal diodes and suppressing non-conducting
elements. Operation stages 1, 3, 5, and 7 can be represented
by an equivalent circuit, as shown in (a). In this
equivalent circuit, the inductors Lo and L3 are connected
in anti-parallel, where the voltage across them is zero. The
capacitor voltage C5 and its series resistance (Rgs.) Rco
represent the output voltage. The voltage and current levels
in these operation stages are expressed in the state-space
model in (@). Operation stages 2 and 6 share similarities
in their equivalent circuits, as shown in (b). The
voltage and current levels in these stages are represented in
the state-space model by (3)). Finally, operation stages 4 and
8 share the same equivalent circuit, as shown in (0),
and are expressed by the state-space models in (6).

The vector-matrix representation of the system of equations
is given by (@):

diry

dt ir1
dip 112
dify | =An- ||+ Bow 3)
Lt
fi ves
where,
R
— LLll 0 0 0 L%
10 0 0 0 10
A, = 0 0 0 0 , Big = 0 4
0 00 —pe 0

ir2

iR2

ic%
Cy
Vo2 § Ry
Reo -

+

(c) Equivalent circuit for 4 and 8.

FIGURE 3. Equivalent circuit for stages in Boost mode.
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The average AC model for the three operating equivalent
circuits is derived from the state-space matrices in (@), (3),

and (6) for the operation stages shown in (a), (b)

and (c), respectively. The eight equivalent operation stages
are represented by the state-space equation in (7).

KW _ A, x(t) + Bau(t)
y(t) = Cnx(t) + Equ(t)

)

The matrix K is the diagonal matrix containing the energy
storage elements corresponding to each state variable. The
explicit form of the state-space matrices for the equivalent
circuits in Boost mode is presented in (I) and (@). In this
operating mode, K is given by:

Ly 0 0 O
0 Ly 0 O
0 0 Ly O ®
0o 0 0 C

This formulation allows the state-space equations to be written
in the standard form Kx = Ax + Bu, where the left-hand
side directly represents the physical relationships L% =L
and C % =ic.

The nonlinear average state-space equations for the AC
model are derived by rearranging the equations of each
operation stage over a switching period T, based on the
respective duty cycles d and d’. In Boost mode, the duty
cycle d is within the range of 1/4 < D < 1/2 of T.

K=

wdx(O)r,
dt
[d -2A 44 + d - Azy + d - A4a} <X(t)>Ts+
[d-2B1a+d - Baa+d Ba] (u(t))r, )
(yt)1s =
[d : 2(-jla + d/ : C2a + d, : C4a] <X(t)>Ts+
[d-2E1a +d' - E2a +d - Ega] (u(t))r. (10)
where,
A1 13,6547 4D —1
d — Ut et} = Tg 11
T 1 ( (11)
1-2D
d' = A2ta1648 = < 5 ) T (12)

The dynamic behavior of power converters is commonly
studied using small-signal linearization techniques. This
approach consists of approximating the nonlinear averaged
model around a steady-state operating point by introducing
small AC perturbations in the state variables, input voltage,
duty cycle, and output variables, as follows:

(x(t)7, =X +x(t), for |X]|>|x(t), (13)
), =U+a(t), for [U>|at), @14
Yt)r, =Y +y(t), for [Y[>[y(®)], (15
(d(t))r, = D+d(t), for |D|>|d(t).  (16)

where uppercase letters denote DC steady-state values and
hatted variables represent small-signal AC perturbations.

To obtain the small-signal model, the small AC perturba-
tions in the state variables, duty cycle, and input voltage are
substituted into the nonlinear averaged equations (9) and (I0).
This yields the following perturbed state-space representation
for Boost mode in and (T8):

d[X + %x(1)]

K
dt

- {2Ala [Dﬂi(t)} +A2, [D’—J(t)} +
Ada |[D/=d(t)] | (X+2(0)
+{2Bla [D+a?(t)} +B2a [D’—J(t)} +

Bua [D’—cz(t)} } [U+a(t) (17)

(Y +3(0)] = {2C1a [D4d(1)] +Caa [Dd(1)] +
Caa |D'=d(1)] } [X+5(1)
+{2E1a [Dﬂi(t)} +E2a [D’fcz(t)} +
Eaa [D'=d(0)] } [U+a(8)] (18)

The nonlinearity of the averaged equations arises from
the multiplication of time-varying quantities. Linearization
around the steady-state operating point is mathematically
possible for any perturbation amplitude; however, the resulting
approximation is valid only when the AC perturbations are
sufficiently small compared to the DC quiescent values. To
obtain the small-signal model, small AC perturbations are
introduced in the state variables, duty cycle portions, and input
voltage. Upon expansion and collection of terms, DC terms,
first-order AC terms, and second-order AC terms are obtained.
The DC terms are removed to isolate the dynamic behavior,
while the second-order AC terms are neglected due to their
negligible magnitude under the small-signal assumption. This
leaves only the first-order AC terms, yielding a linear time-
invariant (LTI) small-signal model suitable for frequency-
domain analysis and controller design [31].

K%Ef) — AK() + Ba(t)+
(2A1a — Aga — Aga)X + (2B1a — Baa — B4a)U] d(t)
(19)
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TABLE 1. Main parameters of the converter.

Parameter Tag Value
Output power P, 2kW
Low-voltage LV side F1 200V
High-voltage HV side Eo 550V
Switching frequency fs 20kHz
Main inductor L1 392 uH
ESR main inductor Rr1 25mQ
Boost Mode

Max duty cycle Do 0.318
Output capacitor Ca 11 uF
ESR output capacitor Rco 13 mQ
Load resistance Ro> 151.3Q

§ = CX(t) + Ea(t)+
|(2C1a ~ Cza — C1a)X + (2B1a — Eza — B4a)U]

d(t)
(20)

The Laplace transforms of the small-signal linearized equa-
tions yield the transfer functions that describe the variations
in output voltage and inductor input current with respect to
the duty cycle, as shown in ZI) and (22), respectively. In
both cases, input voltage variations are assumed to be zero.

Uo2(8) 4V, bys + by
GA ~ — — — . 21
5/d() d(s) 2D —1 as?+ais+ag D
%Ll(s) 2V02 c18 + Co
Gﬁ 7 = = = M 22
i/dl®) d(s) Ry(2D —1) ags?+a1s+ag @2
where,
by =1L,
bo = Ra(2D — 1)® + Re2 (2D — 1)? + R
(23)
¢1 = RoCoy(—2Ry +4DRy + Rc2)
co = R2(8D - 4) + R02(4D — 1)
(24)
ag = 2R2L102
a1 = 2Ly + CoRy(—Reo2 + 2Ry + 2DRes)
ag = 2R2(2D — 1)?>+Rc2(8D% — 6D+1)+2R 4
(25)

With (1) and (22), is obtained (26).
f)og(s) o 2R2(L15 —dy— Ry — Rgo + RLl)

Gh 2l S) = ¢ =
U/Z( ) iLl(S) eg + R2(8D — 4) + RCQ(4D — 1)
(26)
where,
dy = 4D[-Ry — Roa + D(R2 + Re2)) @7
eo = RoCo(—2R1 + 4DRs + Reo)

To validate the obtained models, the converter circuit is
simulated in open-loop configuration in Boost mode first,
with parameters listed in Table [I] These parameter values

. 80r [
% \
= 60 |
)
e [
2 40r ‘
= simulated data points S ]/
¥ 20+ £
= d [
0 . . |
- o ‘ [
simulated data points
. 90 P \ 1
g \
g ¢ |
g 90 \
= \
A -180 ¢ ‘
=270 - ‘ ‘ I
10? 103 10t fs

Frequency (Hz)

FIGURE 4. Bode diagrams for Boost mode comparing the small-signal
mathematical model and circuit simulation results for iz 1 (s)/d(s) and
¥, (s)/d(s), demonstrating strong agreement between both approaches.

were directly obtained from the converter design presented
by [24].

In this simulation, a sinusoidal perturbation with amplitude
of 1% of the nominal duty cycle is superimposed onto the
steady-state duty cycle to excite the system while ensuring
operation within the small-signal regime, with frequencies
ranging from 10 Hz to 100 kHz. The frequency response of
the disturbance both in terms of magnitude and phase is
obtained by comparing the output variable of the simulated
circuit with the response from the small-signal model. The
comparison of the frequency-domain responses, including
the capacitor output voltage and the variations in the main
inductor current as a function of the duty cycle, for both the
simulated and calculated plants (22) and 1), is presented
in for Boost mode.

The small-signal models are linearized around the nominal
steady-state operating point corresponding to full load, with
duty cycles D = 0.318 in Boost mode. Although the transfer
functions exhibit mild dependence on the operating point,
variations in load or reference produce only small changes
in pole and zero locations. Moreover, any steady-state error
arising from such variations is effectively eliminated by the
integral action of the cascaded controllers, ensuring zero
steady-state error in voltage regulation.

lll. DYNAMIC MODELING IN BUCK MODE

For modeling the converter in buck operation mode, the main
inductor L; and coupled inductors L, and L3 are retained as
state variables, while the output filter capacitor is substituted
as shown in (29).

d<iLn(t)>

Ln—— = (vrn(t)),, for n=1,2,3. (28)
d t
a8 _

By analyzing the circuits of the eight operation stages that
constitute the buck operation mode, and assuming the same
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https://creativecommons.org/licenses/by/4.0/

Wenk et al.: Dynamic Modeling and Experimental Validation of a Non-Isolated Bidirectional DC-DC Converter for Control-Oriented Design

ideal conditions as in the previous section, it is observed that
operation stages 2, 4, 6, and 8 are identical. Additionally,
operation stages 1 and 5, as well as stages 3 and 7, are
considered equivalent. Consequently, the circuits representing
the eight operation stages in the buck operation mode can be
reduced to three equivalent circuits, similar to the boost
operation mode. In this operational mode, the intrinsic
resistances R, of the main inductor L; and the output

capacitor C; are also considered in the model derivation.

The ESRs of Ly and L3 are neglected for simplicity.

(a) presents operation stages 1 and 5, which were
used to derive the models represented in (30). Operation
stages 2, 4, 6, and 8 can be represented by an equivalent
circuit, as shown in [Figure 5] (b). In this equivalent circuit, the
inductors Lo and L3 are connected in anti-parallel, resulting
in zero voltage across them. The voltage across capacitor C
and its series equivalent resistor R represent the output
voltage. The voltage and current levels in these operation
stages are expressed in the state-space model in (3T)). Finally,
operation stages 3 and 7 share the same equivalent circuit, as
depicted in (¢), and are represented by the state-space
models in ((30)).

_R01*RL1 00 — <1+ RLC;I ) ] i
1 L _1
Ap=| 0O 00 0 | By=|
0 0 0 0 T 2Lz
L T4q 0 0 —T4p 0
(30)
Roi1—Rpy 0 0 — <1+RTC;1) 0
1 Ly 0
Ay—| 0 00 0 B |0
0 0 0 0
—T4q 0 0 Zap | 0
3D
_ R\
RBei=Rin g o — (1+T€1) f
1 Ly 1
Agp = 0 0 0 0 , By, = 21L2
0 0 0 0 2L;
L T4q 0 0 —T4p 0
(32)
where,
1 Rei 1 R
a = ~ ; = - 33
I T Re T RG T (R,

The average AC model for the three operating equivalent
circuits is derived from the state-space matrices: (30) for the

operation stages shown in (a), (BI) for the operation
stages shown in (b), and (B2) for the operation
stages shown in (c).

The eight equivalent operation stages are described by
the state-space equations in (7)), as detailed in the previous
section.

Now, the nonlinear average state-space equations for
the AC model are obtained by rearranging the respective
equations of each operation stage over a switching period
T, based on the corresponding duty cycles d and d’. In this
operational mode, the duty cycle D lies within the range of

ic1Y VL1

= O
Ry iL3 —
_ % Re

(a) Equivalent circuit for 1 and 5.

_ % Rey

(b) Equivalent circuit for 2, 4, 6 and 8.

(c) Equivalent circuit for 3 and 7.

FIGURE 5. Equivalent circuit for stages in Buck mode.

0< D <1/aof Ts.

(IO,
dt
400 Ay, + ' (1)2A1, + (1) Asp] (x(0)7.)+

s

[d(t)B1p + d'(t)2B2p + d(t)Bsp] (u(t)r,) (34)

(y(t))rs = [d(t)C1p + d'(t)2C2p + d(t)Csp] (x(t)1,)+
[d(t)E1pb + d'(t)2Eap + d(t)Esp] (u(t)r,)  (35)

where,

1—4D
5 ) T,  (36)

As in the Boost mode analysis, the matrix K is the diagonal
matrix containing the energy storage elements corresponding
to each state variable. In Buck mode, the only difference
arises from the use of the low-voltage-side output capacitor
C1; thus, K is given by:

d:DTS 3 d/<

Ly 0 0 0
|0 Ly 0 0

K=10 0 1, o 7)
0 0 0 G
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TABLE 2. Parameters for Buck mode.

Buck Mode
Parameter Tag Value
Max duty cycle D1 0.182
Output capacitor C1 50 uF
ESR output capacitor Rcq 4.5m)
Load resistance Ry 209

The linearization process in Buck mode follows the
same steps described in Section II. After substituting the
perturbations into (34) and (33)), expanding, and collecting
terms, the DC and second-order AC terms are eliminated,
retaining only the first-order AC contributions to form the
small-signal LTI model.

Equations (38) and (39) are obtained by applying the

Laplace transforms to the small-signal linearized equations.

These transformations lead to the transfer functions that
describe the variations in output voltage and the variations in
the inductor input current as a function of the duty cycle. In
both cases, input voltage variations are assumed to be zero.

Vo1(s) Rci/Ry +1
()= 25 _9p .
Cosal®) d(s) > 4y s +ai s+ag G8
in1(s RiCys+ Ro1 /Ry + 1
G 4(s) = uls) _yp, G - o1/ B (39)
d(s) az $“ + a1 s+ ag
where,
ag = R1L101
Rc1)
ag=L1(1+— ) +CiRi(R;1 — R
1 1 ( R 1R 1( ;1 c1) (40)
aOZRl‘FRCl"‘RLl‘F%
1
With (38) and (39) is obtained @I).
@01(8) Rl
G.(s) == = 41
oi(s) iri(s)  (RiCis+1) e

To validate the obtained models in Buck mode, the
converter circuit is simulated in open-loop configuration. The
steady-state operating point and linearization for Buck mode
follow the same approach described in Section II, using the
nominal values in Table 2

The same disturbance amplitude and frequency variation

from Boost mode were applied in Buck mode simulation.

Both simulated and calculated plants (38) and (39), are
presented in for Buck mode.

By analyzing the curves of the calculated models shown
in [Figure 4] and [Figure 6| it can be observed that they

closely match the curves obtained from circuit simulations.

This agreement validates the small-signal models up to
approximately half of the switching frequency (fs).
Therefore, the calculated models are appropriate for
frequency-domain analysis and can effectively support the
design of the converter’s controllers. As expected, the

. 80r B
as)]
Z 60 o |
* *.
"g ™ - E
-
é 4 pererr* 4
2 -
2D 20+t
= simulated data points d
0 | |
90 simulated data points ‘
— [ [ b
= * |
- _QOW*********’*****
<
£ 180 ‘ *
d \
-270 + ‘ ‘ I E
10? 10° 104 fs

Frequency (Hz)

FIGURE 6. Bode diagrams for Buck mode comparing the small-signal
mathematical model and circuit simulation results for i1, (s)/d(s) and

01(s)/d(s)-

simulated circuit response exhibits disturbances near the
switching frequency fs due to inherent switching effects.

It is worth mentioning that the current-to-voltage transfer
function (i1 (s)/001(s)) is directly derived from the previ-
ously validated small-signal transfer functions. Therefore, an
individual verification of this function is not required. This
transfer function is later employed in the design of a cascaded
control structure, contributing to the experimental verification
of the mathematically derived models.

IV. EXPERIMENTAL VERIFICATION

To ensure precise voltage regulation and effective dynamic
response under varying load conditions, a cascaded control
strategy is adopted. This approach consists of an inner
current control loop and an outer voltage control loop.
The inner loop regulates the inductor current, providing
fast disturbance rejection and enhancing the overall system
stability. The outer loop ensures that the output voltage
accurately tracks the reference signal with minimal steady-
state error. The small-signal transfer functions previously
derived are employed in the design of both loops. The digital
controllers are implemented in a digital signal controller
(DSC) with sampling frequency equal to the switching
frequency of 20 kHz. The proportional integral, and derivative
gains are tuned to meet the specified crossover frequencies
and phase margins, with integral action included in all
controllers to ensure zero steady-state error.

All simulations and experimental tests presented in this
section were conducted under load conditions to guarantee
Continuous Conduction Mode (CCM) operation, as assumed
in the modeling derivations. The measured inductor currents
confirm CCM operation, with no zero-crossing observed in
the waveforms across the entire tested operating range.

In both simulation and experimental setups, the same
parameters were applied without any retuning. Since the
control structure remained identical and the observed dynamic
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FIGURE 7. Block diagram of the cascaded control system implemented for
regulating output voltage and inductor current. All signals and transfer
functions represent small-signal variations around the steady-state
operating point.

responses, such as rise time, settling time, and overshoot
matched closely in both cases, it can be inferred that the
modeled plant accurately represents the actual converter
dynamics. In this context, the transfer function of the plant

is the only element linking the model to the real system.

Therefore, the consistency of the closed-loop behavior serves

as strong evidence of the validity of the small-signal model.

A cascaded control scheme, illustrated in Fig. is
employed to regulate both output voltage and inductor current
in both Boost and Buck modes. The inner current loop ensures
fast disturbance rejection and current limiting, while the outer
voltage loop provides accurate reference tracking with zero

steady-state error due to the integral action in the controllers.

To guarantee proper decoupling and stability, the voltage loop
bandwidth is designed to be at least one decade lower than
the current loop bandwidth. Typical design targets include
crossover frequencies around 2kHz for the inner loop and
100 Hz for the outer loop, with phase margins greater than
45° to ensure robust performance under load and reference
variations. The detailed controller tuning for each operating
mode, based on the derived small-signal transfer functions,
is presented in the following subsections.

A. Boost Mode
When the converter operates in Boost mode, it transfers
energy from the battery to the DC bus, which is typically

used to power a traction inverter in an electric vehicle (EV).

The voltage on the DC bus must remain stable, as any
significant voltage drop could negatively affect the inverter
stage and, consequently, engine performance. To maintain
voltage stability, a fast transient response in the inductor
current is essential, ensuring that when the load increases,
the system can provide the necessary power quickly.

A cascade control scheme is also employed to regulate
the converter in Boost mode. The same parameters used
in the simulation and validation sections are adopted for
the control design. A PID controller is used for the inner
current loop, with the controller’s crossover frequency (f.)
set to 2kHz and a phase margin of 50°. The gains are K, =
1.41 x 10*, K; = 3.33 x 107, and K4 = 0.708, tuned in the
frequency domain to meet these specifications while ensuring
fast current regulation and sufficient damping. In the outer
voltage loop, the zero-crossing frequency must be kept lower
than the current loop’s crossover frequency by at least one
decade to prevent the voltage loop from interfering with the
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FIGURE 8. Experimental results in Boost mode recorded in a single
200 ms/div oscilloscope screenshot.

fast dynamics of the current loop. Therefore, a PI controller
is designed for the voltage loop, with the f. set to 100 Hz and
a phase margin of 89°, ensuring closed-loop stability. The
gains are K, = 1.29 x 10° and K; = 1.51 x 10%, tuned in
the frequency domain to achieve the specified bandwidth and
stability margins while providing accurate reference tracking
with zero steady-state error.

To validate the closed-loop performance, consecutive step-
up and step-down load tests were conducted, as shown in
Fig. E] (a) and (b). The first test corresponds to a 40% change
in nominal load. A second test corresponds to applying a
nearly 50% power step from 10A to 6.72 A, varying the
voltage reference from 550V to 450V and back.

To further clarify the methodology adopted for the vali-
dation of the small-signal models, a comparative diagram is
presented in Fig.[9] In this Figure, both the experimental setup
and the mathematical model are subjected to the same input
reference variation. Arrows indicate the direction of signal
flow, emphasizing the shared input and the resulting outputs
from the experimental converter and the simulated model.
This schematic representation highlights the verification pro-
cess adopted in this work, where the equivalence of responses
under identical control conditions serves as validation of the
modeled plant dynamics.
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Examining the simulation results in Fig. [J] it can be
observed that the converter operates at the nominal voltage
of 550V until 0.24s. When the reference is stepped down,
the output voltage takes approximately 40 ms to respond
and settle at 450V, with the inductor current iz, reaching
6.72 A. The corresponding experimental result presents a
slightly faster settling time of around 30ms. A minor
discrepancy is observed in the settling times. This small
difference is attributed to unmodeled effects in the hardware
implementation, such as digital control delays, sampling,
computation, and PWM update, sensor bandwidth limitations,
and additional parasitic elements not fully captured in the
small-signal model or circuit simulation. Despite this, the
overall dynamic behavior which are overshoot, rise time, and
disturbance rejection shows excellent agreement, confirming
the effectiveness of the proposed models and controllers for
practical applications. To further evaluate the performance of
the control system under sudden load variations, an additional
test was conducted. The converter was initially operated
with a resistive load totaling 142 (), representing nominal
current conditions. At a specific moment during operation,
an additional 56 ) resistor was inserted in series, resulting
in a 40% reduction in load current. The resulting load step
caused a voltage undershoot of 69V with 12.5% of the
550V reference in simulation and 46V around 8.3% of
the reference in the experimental prototype. Both cases
presented a recovery time of approximately 25ms. The
smaller experimental undershoot is attributed to unmodeled
dynamics and implementation effects, while the nearly
identical recovery time confirms the accuracy of the dominant

poles and the effectiveness of the cascaded controllers in
disturbance rejection.

B. Buck Mode

When the converter operates in Buck mode, energy flows
from the DC bus to the battery. This occurs because the
traction system, which was initially powered by the battery,
now functions as a generator, regenerating energy.

For the Buck mode control design, the same parameters
used in the small-signal model validation simulation, as
described in the previous section, are adopted. A PID
controller is implemented for the current loop, achieving
a phase margin of 53.8° with a f. of 2kHz, ensuring closed-
loop stability. The gains are K, = 1.1x 10%, K; = 2.59x107,
and K; = 0.551, tuned in the frequency domain to provide
fast current regulation and adequate damping. The voltage
loop is stable with a crossover frequency of 40 Hz, however,
the phase margin is excessively high. To optimize the phase
margin, a PI controller with an additional pole positioned at
the switching frequency of 20 kHz is designed for the voltage
loop. The gains are K, = 7.54 X 10* and K; = 7.72 x 107,
resulting in a crossover frequency f. of 100 Hz and a phase
margin of 88°. This extra pole configuration ensures effective
attenuation of switching ripple.

To validate the closed-loop performance in Buck mode,
consecutive step-up and step-down load tests were also
conducted, as shown in Fig. @ (a) and (b). The first test
corresponds to a 22% change in nominal load. A second test
corresponds to varying the voltage reference from 200V to
150V and back.
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FIGURE 10. Experimental results in Buck mode recorded in a single
200 ms/div oscilloscope screenshot.

To evaluate the controller’s performance under a reference
voltage disturbance, a 50 V step-up was applied. Figure [T1]
presents the simulated and experimental results for this
voltage reference step-up scenario. The converter initially
operates at the nominal reference voltage of 150V until
0.20s. Upon the step-up, the controller responds within
approximately 60 ms in simulation, settling the output voltage
at the new reference of 200V, with the inductor current 7,
reaching 10 A. In the experimental result, the system settles
within 50 ms. Additionally, a load change test was performed
to assess the system’s response to sudden variations in load
demand. Starting from nominal operation with a resistive
load of 152, an additional resistor was added, resulting in a
22% decrease in total load resistance. This sudden increase
in load current triggered a corresponding control action and
the converter successfully compensated for the load variation.
The load removal produced a voltage overshoot of 23.6 V
(12.5%) in simulation and 12.5V (6.25%) in experiment,
with recovery times of 33 ms and around 40 ms, respectively.
The reduced experimental overshoot stems from parasitic
damping and sensor filtering, while the close recovery times
confirm the model’s accuracy in representing the dominant
dynamics. This test not only demonstrated the effectiveness of
the cascaded control strategy under significant load transients

but also experimentally verified the accuracy of the previously
developed mathematical model.

V. CONCLUSION

This paper presented the dynamic modeling and validation
of a bidirectional DC-DC converter, supported by both
simulation and experimental results. Theoretical small-signal
models were derived for the equivalent circuits operating in
both Buck and Boost modes.

In conclusion, a detailed analysis of the operating stages
combined with the state-space averaging technique yielded
accurate dynamic models for the bidirectional converter in
both Buck and Boost modes. The validation process confirmed
the models’ ability to faithfully reproduce the converter’s
behavior, as evidenced by the close agreement between the
calculated transfer functions and the simulated frequency
responses, with matching characteristics observed up to nearly
half the switching frequency.

Although experimental frequency-domain measurements
were not performed, the closed-loop step responses to load
and reference disturbances effectively validate the models
across a broad frequency spectrum. A step input inherently
contains energy over all frequencies of interest, and the
excellent match between simulated and experimental transient
responses demonstrates that the small-signal models capture
the dominant dynamics required for robust controller design.
These results reinforce the suitability and practical applica-
bility of the proposed models for control-oriented design in
bidirectional power conversion systems.

A key contribution of this work lies in the direct com-
parison between simulation and experimental results under
identical conditions. The same controllers, designed using the
linearized models, were applied to both environments without
retuning. The close match in transient responses serves
as strong evidence of the model’s accuracy and practical
relevance. Experimental tests in both Boost and Buck modes,
using cascaded current control, confirmed that the controllers
respond effectively to variations in voltage reference and load.
The validation presented focuses primarily on load and refer-
ence disturbances, which are the most common and critical in
EV battery charging/discharging applications. Although direct
input-voltage disturbance tests were not performed, the close
agreement between simulation and experimental closed-loop
responses under load steps indirectly confirms the model’s
ability to reject input variations. Although the control strategy
is designed to support bidirectional operation, experimental
tests of mode transitions were not performed in this study.
Future work may include such validation to demonstrate the
robustness of the controllers under continuous power flow
reversal. The experimental converter performance remained
consistent with simulations thus validating the theoretical
models and their suitability for applications such as electric
vehicles.
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