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Abstract

Introduction: Bidirectional DC/DC converters facilitate energy management in applications like electric vehicles featu-
ring regenerative braking. Controller design for these systems relies on dynamic models offering lower computational
demands compared to full switched representations. This study derives steady-state averaged (DC) and small-signal
dynamic (AC) models for the cascaded bidirectional buck-boost converter operating in continuous conduction mode
across its four defined states.

Objective: The primary objective is to develop a unified canonical bidirectional model capable of representing the cas-
caded buck-boost converter dynamics through a single standard structure for all operating modes.

Methods: Dynamic equations for the four operating modes were derived applying state-space averaging, perturbation,
and linearization techniques, subsequently implementing the canonical model in the MATLAB/Simulink environment.
Results: A unified bidirectional canonical circuit model was developed for controller design. Validation was achieved by
comparing its dynamic response to step changes in input voltage with a switched circuit model.

Conclusions: The proposed model is a tool that represents all four operating modes of the converter with a unified
circuit structure, avoiding the use of separate models for each power flow and operating mode. This facilitates dynamic
system analysis and design control strategies by providing a linearized model suitable for classical and advanced con-
trollers. Furthermore, the model is particularly useful in applications involving charging and discharging energy storage
systems, such as electric vehicles, because it describes the behavior of the converter under bidirectional power flow.

Keywords: Cascaded buck-boost bidirectional converter, canonical model, state-space averaging method, small-signal AC
model

Resumen

Introduccion: Los convertidores CC/CC bidireccionales facilitan la gestion de la energia en aplicaciones como los vehiculos eléctricos

con frenado regenerativo. El disefio de controladores para estos sistemas se basa en modelos dindmicos que ofrecen menores exigencias
computacionales en comparacién con las representaciones conmutadas completas. Este estudio deriva modelos promediados en estado
estacionario (CC) y dinamicos de pequeia sefial (CA) para el convertidor elevador-reductor bidireccional en cascada que opera en modo de
conduccién continua a través de sus cuatro estados definidos.

Objetivo: El objetivo principal es desarrollar un modelo bidireccional canénico unificado capaz de representar la dinamica del convertidor
elevador-reductor en cascada mediante una Unica estructura estandar para todos los modos de operacion.

Métodos: Se derivaron ecuaciones dinamicas para los cuatro modos de operacién aplicando técnicas de promediado en el espacio de esta-
dos, perturbacién y linealizacion, implementando posteriormente el modelo candnico en el entorno MATLAB/Simulink.

Resultados: Se desarrollé un modelo de circuito canénico bidireccional unificado para el disefio del controlador. La validacién se logrd
comparando su respuesta dinamica a cambios escalonados en la tension de entrada con un modelo de circuito conmutado.

Conclusiones: El modelo propuesto es una herramienta que representa los cuatro modos de operacién del convertidor con una estruc-
tura de circuito unificada, evitando el uso de modelos separados para cada flujo de potencia y modo de operacion. Esto facilita el analisis
dinamico del sistema y el disefio de estrategias de control al proporcionar un modelo linealizado adecuado para controladores clasicos y
avanzados. Ademas, el modelo es particularmente Gtil en aplicaciones que involucran sistemas de almacenamiento de energia de carga y
descarga, como vehiculos eléctricos, ya que describe el comportamiento del convertidor bajo flujo de potencia bidireccional.

Palabras clave: Convertidor bidireccional elevador-reductor en cascada, modelo candnico, método de promediado en el espacio de esta-
dos, modelo de CA de pequefia sefial.
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Why was this study conducted?

The inherent nonlinear and time-varying nature of bidirectional DC/DC converters complicates controller design using
complete switched models, necessitating linearized representations for electric mobility applications featuring regene-
rative braking. Current literature provides canonical models for traditional topologies but lacks a unified representation
for the cascaded bidirectional buck-boost converter across its four operating modes. This study develops and validates a
unified bidirectional canonical model to represent the converter dynamics in a standard format.

What were the most relevant findings?

Using the state-space averaging method and small-signal linearization, the dynamic behavior of the four converter ope-
rating modes (Buck1-2, Boost1-2, Buck2-1, and Boost2-1) was condensed into a single standard equivalent circuit. MAT-
LAB/Simulink simulations validated this representation, demonstrating that its dynamic response to disturbances, such
as step changes in the input voltage, matches the traditional switched model. The proposed model tracks the average
signal values and eliminates the high-frequency ripple while preserving the underlying system dynamics.

What do these findings contribute to?

The canonical model standardizes the engineering process by enabling the application of classical linear control tech-
niques for feedback controller design. Unifying the four operating modes into a single representation streamlines the
stability analysis and the development of energy management systems for electric mobility applications featuring rege-
nerative braking.

Graphical Abstract
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Introduction

The environmental impact of ground transportation, which is responsible for a significant portion
of CO, emissions (1-3), has driven the search for more environmentally friendly alternatives. Electric
vehicles (EV) have emerged as a solution, although their carbon footprint depends on the energy
mix (4). In this context, electric bicycles (EB) are gaining prominence as they are environmentally
superior to other motorized means of transportation (5,6).

In addition, the electric mobility paradigm has evolved beyond simple transportation. Currently,
electric vehicles are integrated into Smart Grids under concepts such as vehicle-to-grid (V2G) and
vehicle-to-home (V2H), where bidirectional energy flow is a desired operational capability (7,8). This
functionality enables traction and support for the electrical grid and energy demand management,
which require highly efficient and versatile power conversion stages (9).

A feature that optimizes the efficiency of these vehicles is their energy recovery capability. The
potential for regenerative braking is considerable in steep topographies. However, most commercial
systems do not allow bidirectional energy flow. Bidirectional DC/DC power converters are required
to implement regenerative braking (10-12).

The cascaded Buck-Boost converter, frequently designated as the non-inverting buck-boost
converter, maintains a prominent status in recent literature compared to topologies such as Cuk,
SEPIC, or Zeta (13). This configuration provides an extended voltage conversion range without
inverting the output polarity, while imposing lower voltage stress on the power switches_(14,15).
Recent research identifies its suitability for hybrid storage systems incorporating fuel cells, batteries,
and supercapacitors where DC bus stability remains a primary design constraint (16).

Designing robust controllers for these systems involves managing inherently nonlinear and time-
varying dynamics. Although advanced control strategies, such as Model Predictive Control (MPC)
(17) and Sliding Mode Control (SMC) (18), demonstrate superior dynamic performance, their
implementation often requires high computational resources. Consequently, industrial applications
favor classical linear control techniques (PI/PID) for their simplicity and reliability, provided that an
accurate dynamic model exists (19).

Developing equivalent small-signal linear models satisfies standard design specifications for linear
control_(20). The state-space averaging method focuses on system dynamics by neglecting high-
frequency components arising from transistor switching (21). While researchers propose various
modeling approaches based on signal flow graphs (22) and current injection techniques (23),
many resulting expressions possess high mathematical complexity, hindering the physical insight
necessary for controller design.

Existing literature contains canonical model proposals for traditional topologies (24,25) and small-
signal analyses for quadratic or multilevel converters (26,27). However, the reviewed literature lacks
documentation on a canonical circuit model specific to the cascaded bidirectional DC/DC buck-
boost converter covering its four operating modes under a single standard structure (28).

This study presents a canonical bidirectional model for a cascaded DC/DC buck-boost converter,
considering its four operating modes. The objective was to develop a unified linearized model that
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facilitates control design. The proposed model was implemented and validated through a simulation
in MATLAB/Simulink, and its dynamic response was compared with traditional switched model to
verify its accuracy.

Methodology (Converter Modeling)

For the control system design of DC/DC converters, an input-output mathematical model is required
to approximate physical reality. The converters are nonlinear and time-varying systems, and there is
interest in developing an equivalent small-signal linear model, through which it becomes possible to
design a feedback controller using linear control techniques (20).

The topology selected for this study was a cascaded bidirectional buck-boost converter, as shown in
Figure 1. This bidirectional converter features four modes of operation. The low-frequency dynamic
behaviors can be represented using the small-signal model described for each mode. To define

a general equivalent circuit model that enables the operation of all four converter modes to be
described, the models for each mode are adapted to the canonical circuit model form, resulting in a
unified bidirectional circuit model that allows the converter behavior to be represented in any of its

four modes.
I
0  £T I ' L' *l ¢ o
+ s = s +
Port 1 wit)x C HJ:} HJ";} o Vil ) Port 2
ik 2

Figure 1. Buck - Boost cascaded converter

Modeling Method

The power converter was modeled using the state-space averaging method. This method, described
in detail by (21,29), allows for the derivation of the steady-state averaged model (DC) and the small-
signal dynamic model (AC) for switched converters operating in continuous conduction mode. The
process, as shown in Figure 2, consists of the following steps:

1. Obtain the state-space description for each switching interval of the converter.

2. The descriptions are averaged over a switching period to obtain an average state-space
model that describes the low frequency dynamics.

3. The averaged model is perturbed and linearized at a quiescent operating point.
4. Convert the model to the frequency domain (s-domain) to obtain the transfer functions.

5. The resulting model is adapted to the canonical form.
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The process described above was performed for the four operating modes of the cascaded
bidirectional buck-boost converter under study.
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Figure 2. Steps for modeling the power stage - Adapted from (21,29)

Modes of Operation and Switched Modeling

The cascaded bidirectional buck-boost converter features four possible modes of operation, defined
in Table 1. The Buck, , and Boost, , modes consider Port 1 as the input and Port 2 as the output,
performing step-down and step-up functionalities, respectively. The Buck, , and Boost, , modes
operate in the opposite direction (regenerative braking), with Port 2 as the input and Port 1 as the
output, and function in the step-down and step-up modes (input-output relationship), respectively.

The converter contains four controlled power electronic devices (power transistors), denoted as
S,/ S, S, and S,. Depending on the converter's operating mode, these devices are controlled, as
indicated in Table 1. For each mode, only one of the four transistors is periodically controlled or
switched, whereas the other three transistors remain in their active (1) or inactive (0) states.

Table 1. Operating modes of the cascaded buck-boost converter

Mode p S, S, S, S,
Buck, , 1 Controlled |0 0 0
Boost, , 2 1 Controlled 0 0
Buck, | 3 0 0 Controlled 0
Boost, | 4 0 0 1 Controlled

Assuming continuous conduction mode, that is, the instantaneous current through the inductor
does not drop to zero at any point in the cycle, in each mode of operation, the converter can

be modeled by two equivalent circuits for the switching intervals Td (the interval in which the
controlled transistor is in the active state) and Td' (the interval in which the controlled transistor is
in the inactive state), where T is the converter's switching period, d is the duty cycle, and d' = (1 -
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d). The resulting circuits are shown in Figure 3. For the Buck, , and Boost, , modes, an independent

voltage source v, (t) is connected to Port 1, and a load resistor R, is connected to Port 2. Similarly,

for the Buck, , and Boost, ; modes, an independent voltage source v,(t) is connected to Port 2 and

a load resistor R, to Port 1. These assumptions are consistent with the energy flow and operation of

the converter according to its operating mode.
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Figure 3. Equivalent circuits for each operating mode of the cascaded buck-boost converter

Based on these circuits, the switched state-space dynamic model is derived for each subinterval (Td
and Td') and expressed in general form in equations (1), (2), (3):

dx,(t)

K
¥ dr

A, x (D +8, u ()

¥olt) = E.u.q'rn':ﬂ' + Fp.g "P“}

peE(L234): ge{0.1}

™~

(1)

)
3)
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where rP':ﬂ corresponds to the state vector, HP[E] to the input vector, J"P':ﬂ to the output vector,
p indicates the operating mode according to Table 1, and q represents the logic switching signal,
with g = 1, the controlled transistor is active (subinterval Td), and q = 0O, the transistor is inactive

(subinterval Td'). Table 2 summarizes the resulting vectors and matrices for each equivalent circuit.

Table 2. Vectors and matrices for the switched-state-space dynamic models of the cascaded buck-
boost converter

Buck, , (p=1) Boost, , (p=2) Buck, , (p=3) Boost, , (p=4)
x,(t) [J'I-‘f[} [I,‘ i) [I,‘fr}] [I,‘fr}]
v, (1) (1) vy () vy ()
u,lt) vy (t) vy (L) (L) (L)
¥, (t) £y (x) £ (x) falz) falz)
K, L 0 ] L 0 L0 ] L0 ]
0 & 0 & 4 I 4 I
‘.q”_l 0 =17 0 | | 1] =1 1] L1
1 0 1 ! 1 1
H: = L H: ] Rj_ = Rl =
Aun D =13 D =13 o -1 o -1
' 1 1 ! 1 1
H: = E: - R]. = Rl =
R 1 1 1 1
- IZI] IZI] IZI] IZI]
B 0 1 0 1
- 1]] 1]] 1]] 1]]
Eys [10] [10] [10] [10]
Eyo [o o] [10] [o o] [10]
Fp.1 (o] (o] (o] (o]
Fo.o lo] (o] (o] (o]

State-Space Averaged Model

Following the state-space averaging method, the two switched models are averaged over a

switching period T, and the natural frequency and converter input frequencies are assumed to be

much smaller than the switching frequency.

The average state vector over period T is defined as equation (4).

(ot == [

E-T/

™
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This operation allows the low-frequency components of the state vector to be modeled. The same

operation is performed on the input vectors (L) and output J"P“:'. By averaging the descriptions

of the switched models over one switching period, the averaged state-space model is presented in
equations (5) and (6).

. M

o (d(E) A, + d'(0)A, o e (1} + (d(B, 3 +d (OB, 5 (D)) r

()

(Fpl(t)dr = (A(E,, + @ (ODE o Wx (D) r + (d(E)Fyy + @' (D0Fp 0 Hatg(£)) 7 )

Steady-state solution

If the duty cycle remains constant from cycle to cycle, that is, d(t) = D (steady-state DC duty cycle),

u,(t) =10

and a direct current input F is applied, the converter operates in equilibrium when the

derivatives of all elements of vector {'TP“}:'? are zero. Thus, the steady-state (DC) model that
describes the converter in equilibrium is given by equations (7) and (8) (21):

0=AX, +B,U, 7)
¥,=E/X,6 +F,U

where the resulting averaged matrices for D' = 1 - D, are given by equations (9) to (12):
A, =DA, . +D'A,, 9)
B,=DB,, + DB, (10)
E,=DE,.+D'E,, (1)
F,=DF,,+ anp.Cl (12)

The equilibrium values (DC) of the average vectors can be obtained from equations (13) and (14):

X, =-A;'B,U, (13)

1=

¥, = (—E,A;'B, + F, U, (14)

Carrying out the above procedure for the four operating modes of the converter under study yields
the steady-state (DC) solution, and the average matrices are presented in Table 3.
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L
A

Table 3. Steady-state (DC) solution and resulting matrices for the averaged state-space models of
the cascaded buck-boost converter

Buck, , (p=1) Boost, , (p=2) Buck, , (p=3) Boost, , (p=4)
. . o L
1 ¥ A3 ke VLR
X, rlf] [ Ry rj'] Ll 'rf-] [ iy IrI'“ il
v, 1_lov, il p v _low, =l
v, Vi V; v, Va
L Iy = DIy =1 Iy = DI =1,
K L l]] L a L 0 L 0
» 0 G 0 c 0 C, 0
0 =173 0 -D's 0 =1 0 =D'3
A, q 1 o i ! 1 o 1
| R,. | R,. R,. | R,.
] 1 ] 1
. 0 0 0 0
E, [ 0] [1 0] (o 0] [10]
F, fo] (o] fo] fo]

Small-signal AC dynamic model

Small AC variations are introduced, IPU:', ﬁ-“':t:', ¥ult) and d':r:', around the equilibrium operating
point for the state vector, input vector, output vector, and duty cycle, respectively, as defined in

equations (15)—(18) (21):

(1p(E)r = X, + 2,00
fu, () = U, + W, (1)

(vplthhr =¥, +¥,(1)

dlf) = D +dit)= d'(t) = D' —d(t)

(15)
(16)
(17)

(18)

The average model incorporates these expressions into state-space equations (5) and (6). By
expanding the resulting expression, the DC terms (steady state), first-order linear AC terms, and
second-order nonlinear terms can be separated. If the small AC variations are substantially smaller
than the equilibrium (DC) values, the second-order nonlinear terms are neglected, yielding the
linearized small-signal AC model, as represented by equations (19) and (20) (21).

d¥,(t)
?odr

™
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V(1) = E% (1) + P, () + [(E,, — B, o)X, + (Foy— B, U }(1)
(20)

Inserting the matrix and vector elements from Tables 2 and 3 yields the resulting small-signal AC
models for the four operating modes of the cascaded buck-boost converter. The models obtained
after simplifying the resulting state-space equations for the four operating modes of the converter
are presented below. The small-signal AC model equations for Buck, , are presented in equations
(21)—(23), and their circuit representation is shown in Figure 4.

di, ()
i ;ﬂL _ D5,() + V(0 — 5,(6) (21)
diz(t) i (t)

E.J |:]'|." — I:j_l_E] _ﬁ': (22)
i,(t) = Di, (£) + 1,d(t) (23)
iy {t) p V)

— . i

|+
_C:} ee () l
[ ] [ ] -+

it i} zC f:.i I (t) % ‘T""‘“] 2R

Figure 4. Small-signal AC model for Buck, , mode of operation

For the Boost, , operating mode, the resulting small-signal AC model equations are presented in
(24)—(26), and their circuit representation is shown in Figure 5.

.r_m&:” = —D"5,(8) + i, (£) + Vo d(t) (24)
{i!}:l:;_} iy 5 fllr} e

EJ n‘t = lL[EJ R‘z !;_-'.'JU_,- (25)

By () = 1,(2) (26)

i) o :., o

itlt) e din
Waal{ ) . - +

+ = = , L
#ft) t} iy (t) = « %é Lt} 3 inlf) gn'-r;
|

Figure 5. Small-signal AC model for Boost, , mode of operation

For the Buck, , mode, the small-signal AC model is given by equations (27)—(29) and is shown in
Figure 6.

™
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~
A

Ld—';? = Dir,(t) + VLd(t) — 6, (¢) (27)
dig(t) . e
[ e el 7, (28)
1.(8) = Diy(t) + 1, d(t) (29)
_,-m-f (: i iz (£)
i) din o la
+ ; . .
H.g b (0) I {. ﬂ Idg) 1:} Gy (j iaft)

Figure 6. Small-signal AC model for Buck, , mode of operation

Finally, for the Boost, , mode, the small-signal AC model equations are presented in (30)-(32), and
the corresponding circuit is shown in Figure 7.

di, (¢
1—5? = —D', () + i, () — V,d(¢) (30)
dvy(t) i (e} "
- 1 = b= -I_a-__ L
Cy P D) R, Ld(t) 31
F‘,'."I:.E:I - fllif:l (32)
B0 ig(t) o
—E)=m
= 3 .':'
. ol | Vid(t] i _
R, § balt) £ €, IC‘I’ Ipd(f) % €7 (_t)fuh'_h

Figure 7. This set of four small-signal linear AC models is the basis for generalization in the
bidirectional canonical model.

Bidirectional Canonical Model

The models derived in the previous section for the four operating modes can be mathematically
manipulated and generalized into a canonical form. A canonical circuit, such as the one presented
in (21), allows for the analysis of the converter's behavior in general terms, without reference to a
specific topology. This study proposes a simplification and unification of the four models derived

in the previous section into a single Bidirectional Canonical Model, as shown in Figure 8. The
resulting models for each mode of operation were adapted to the structure of the canonical circuit
model by changing the location of certain elements, resulting in a unified bidirectional circuit model
that enables the representation of the converter’s behavior in any of its four modes. The parameters
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of the canonical model, M(D), L, e(s), and j(s), resulting from each mode are defined in Table 4.

1: A (D) L.
i — e @ L — o
r'fa_lrr.l'.h':' II: + ;r I: %]
; o lo +
Port | V4 i"-|l:.‘=} c, Cl JII-"]J': #) 'ﬁ i 1..-_LI + |-I:'I:.'1:| Poel 2
a O

Figure 8. Bidirectional Canonical Model

In the canonical model shown in Figure 8, the blue arrows indicate the direction of the energy flow
and currents for the Buck, , and Boost, , operating modes, whereas the green arrows correspond
to the Buck, , and Boost, , operating modes. Likewise, in the Buck, , and Boost, , modes, load
resistance R, is assumed to be connected to Port 2 of the converter, whereas for the Buck, , and
Boost, , modes, load resistance R, is assumed at Port 1.

Table 4. Canonical model parameters for the four operating modes of the cascaded buck-boost

converter
Mode M{D) L. e(s) J(&)
Buck, , D L ;ri ;—1
f sL 5
Boost, Dl % Vi Ll - D?E::I DR,
Vj. sl ¥,
Buck, , % % — |1+ E) IJJ;,
¥
Boost, | D L _E y-:;-

Simulation Results

To verify the bidirectional canonical model approximates the converter behavior, a simulation was
performed. The canonical (averaged) model response was compared with the traditional switched
model.

Both models were implemented in the MATLAB/Simulink software. The traditional switched model,
depicted in Figure 9, uses power semiconductor elements, specifically transistors and diodes, which
are modeled as ideal devices. The switched model, implemented using electrical and electronic
components, functions as the equivalent of a virtualized physical circuit for validation. Figure 10
illustrates the canonical bidirectional model implemented in MATLAB/Simulink.
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Figure 9. Simulation model of the traditional switched converter in MatLab/Simulink

In Figures 9 and 10, the DC input sources are represented by orange dependent sources. The small-

signal AC variations in the input voltage are represented by independent sources in light blue. The

load considered was purely resistive and connected according to the mode of operation. Ideal

yellow switches are used to disconnect and connect different elements (input sources and loads)

according to the operating mode to be evaluated.

i
0SS Bl Jlo® o

- (VY T
0 H..:J;lgp". Wo ~oB —'.‘. ' E o Fod

Figure 10. Bidirectional canonical model implemented in MatLab/Simulink

The simultaneous simulation of both models (the canonical circuit and the traditional switched

model) was performed using the same parameters and values, which are summarized in Table 5.

To assess the accuracy of the canonical model under dynamic changes, the simulation included a

change in the amplitude of the DC input voltage at t = 50 ms.

Table 5. Simulation parameters

Parameter Boost, Buck, ,

D 0.5 0.5
Amplitude 4(t) 0.01 0.01
Frequency d(t) 1 (kHz) 1 (kHz)
Initial DC input source (! = [ = 50 13 Vi = 12 (V) V. =36 (V)
Final DC input source (50= [ = L1000 15 Vi = 18 (V) V. = 38 (V)
Amplitude of the input voltage AC variations | 1 (V) 1(V)
Frequency of the input voltage AC variations | 500 (Hz) 500 (Hz)

L 600 (uH) 600 (uH)

C; 500 (uF) 500 (uF)

Ca 500 (uF) 500 (uF)
Resistive load Ry =41 Ry =40
Switching frequency 20 (kHz) 20 (kHz)
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The results for the Boost, , operating mode are presented in Figure 11 and 12, including a close-
up of the instant at which the change in the power-supply amplitude occurs. Figure 11 compares
the output voltages of the two models under study. The response of the averaged model ("V2
Averaged”) follows the mean value of the switched signal (“V2 Switched"), eliminating the high-

frequency ripple. The same behavior was observed for the inductor current as shown in Figure 12.
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|
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1

Figure 11. Comparison of the output voltage for Boost, , operating mode (Switched converter
circuit model vs. averaged and linearized canonical circuit model)
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Figure 12. Comparison of the inductor current for the Boost1-2 operating mode (Switched
converter circuit model vs. Averaged and linearized canonical circuit model)

Similarly, the Buck, , mode of operation (reverse power flow) was analyzed. The results are shown
in Figures 13 and 14. Comparisons of the output voltage (Figure 13) and inductor current (Figure
14) confirmed the validity of the model. The transient behavior exhibited an accurate dynamic
representation of the bidirectional canonical model.
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Figure 13. Output voltage comparison for Buck, , operating mode (Switched converter circuit model

vs. Averaged and linearized canonical circuit model)

Figure 14. Comparison of the current through the inductor for Buck, , operation mode (Switched
converter circuit model vs. Averaged and linearized canonica circuit model)

The simulation results verified that the canonical bidirectional model enables an accurate
representation of the low-frequency converter dynamics in its operating modes, making it a suitable
tool for the design and analysis of control systems.

Discussion

Simulation times are extensive for full switching models due to inherent nonlinear dynamics. The
average approximation extracts the low-frequency dynamics and the steady-state circuit response.
A single canonical structure integrates the four operating modes (Buck1-2, Boost1-2, Buck2-1, and
Boost2-1). This unified representation covers electric mobility applications with regenerative braking
and battery energy storage systems. Classical frequency-domain analysis tools, such as Bode plots
and root locus method, apply directly to the developed model for feedback controller design.

Conclusions

A unified circuit structure defines the cascaded buck-boost bidirectional DC/DC converter dynamics
across four operating modes, removing the necessity of independent models for each power flow
direction. Standard control theory tools including Bode plots and root loci apply directly to the
canonical structure for feedback system design, as the averaged model captures the required low-
frequency dynamics while omitting high-frequency ripples.

Direct evaluation against the switched equivalent circuit shows the canonical model accurately
represents system dynamics regarding current, voltage, and transient response. The steady-state
error between averaged signals and the canonical outputs remains below 1%. Observed transient
deviations relate directly to the linearization and averaging assumptions. Consequently, these
equations provide a basis for dynamic analysis and control synthesis in charging and discharging
scenarios for energy storage systems and electric vehicles.
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