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Abstract — This paper presents the small-signal modeling and
analysis of an isolated bidirectional DC-DC converter. The
converter is implement based on two Full-Bridge converters.
The system is designed to act as a charge/discharge controller
for battery banks. The model for each mode of operation is
developed using the average state-space model approach. To
verify the models, simulations are performed using PSIM
software in addition to experimental results obtained from a
200 W prototype that connects a 60 V battery bank to a 230 V
DC link.
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[. INTRODUCTION

In many systems that use energy storage on batteries -
like power generation systems, electric vehicles and UPS’s
(Uninterrupted Power Supply’s) — the control of power flow
between a primary source and battery banks is required [1],
[2]. In these applications, the processes of charge and
discharge of the batteries depend on the performance of
voltage converters, whose main objective is to adequate the
levels of voltages between battery banks (low voltage) and
DC links (high voltage). The use of converters is also
justified due to the necessity to control the charging current
and DC link voltage [3]-[5].

In applications such as energy storage systems, the
power management can be realized using unidirectional DC-
DC converters. On this approach, different converters make
the charge and discharge of the batteries. Therefore, two
converters are used in this approach. However, the
development of bidirectional converters is interesting to
unify the power flow control between a DC link and
batteries using a single device. This characteristic is
appropriated to improve management energy in generation
power systems and to reduce the number of structures
involved in those systems [6]-[8].

The application of bidirectional converters in energy
storage systems is indicated in many works like [7], [8], [9]
and [10]. In those papers, advances related to bidirectional
configurations, operation and analysis of such converters on
steady state are presented. However, to achieve adequate
operation of these systems it is necessary the
implementation of a control system to control the charge and
discharge of the battery bank.

It is well known that the design of a control system
depends on a previous knowledge of the behavior of the
plant to be controlled. Hence, it is important to perform an
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adequate analysis of the transient response of the
bidirectional converter considering the battery bank.

To design an adequate control system, some knowledge
about the plant is necessary. Considering the bidirectional
converter presented in [10] and depicted in Figure 1, this
paper presents its modeling considering both operation
modes, i. e., charge and discharge.
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This paper adopts modeling based on the average state-
space model. This approach is found on [11], [12] and [13]
that describes the use of average models in bidirectional
converters. However, these papers disregard the presence of
batteries or consider only discharge operation.
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Fig.1. Proposed circuit.

This work differs from previous papers by including on
the analysis the presence of batteries in both operation
modes. It also presents experimental results to validate the
proposed models. Many researches found in literature focus
on advances in topologies and considers only steady state
analysis. Therefore, this paper presents a continuation of
[10], which deals only with a steady-state analysis. In this
sense, the obtainment and validation of the bidirectional
converter models are the main contribution of this work.

Pursuing the aforementioned objectives, this work is
organized as follows: in section II, the converter operation is
described with the objective to represent the systems using
the average state space model. In section III, the small-
signal models are obtained and in section IV the validation
of the model is presented. Finally, section V concludes the

paper.

II. CONVERTER OPERATION AND MODELLING

According to the circuit depicted in Figure 1, initially, to
guarantee the DC link regulation, it is proposed that the
inverter on the battery side operates like a current-fed
converter (boost converter) during the discharge mode of
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operation. During the charge process, the inverter on the
DC link side operates like a voltage-fed. Hence, the voltage
of DC link can be reduced in the transformer terminals
during the charge and, while in discharge, the voltage of
batteries can be raised. This operation increases the
operational range of the converter voltage gain and
maintains the transformer turn ratio constant. For the
different operation modes of the converters, different
switching techniques are applied. Details can be found in
[10].

To represent the batteries, the Thevenin equivalent is
chosen because it has a simple representation and it is
consolidated in the literature for Lead-Acid batteries. This
model disregards the state of charge variation of the
batteries. However, it is well known that the dynamics
related to the charge condition of batteries are slow and do
not represent high influence in transient response of the
converter.

In the next sections, the analysis of each operation stage
of the converter is detailed to obtain its average model for
each mode of operation.

A. Analysis of the converter in charging mode

During the charging mode, the converter presents four
operation stages. In this mode, the DC link converter acts as
an inverter and the battery side converter acts as a full
bridge rectifier. For the development of the average model,
that represents the converter and batteries, the analysis of
each individual stage is realized.

Stage 1: Figure 2-a: With the switches S; and S4 in
conduction, a positive voltage is applied in the transformer.
During this interval of time, the inductor L, is magnetized

and capacitor C, is charged directly by V1’. Thus
Vv . .V, -V,
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Stage 2: Figure 2-b: In the second stage, the switch S; is
blocked applying zero voltage in the transformer. At this
moment, the inductor L, and C, are discharged. Hence,
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Stage 3: Figure 2-c: The switches S; and S; are in
conduction while S; and S4 are blocked. The transformer
voltage becomes negative while on the low voltage side of
the transformer voltage is rectified by the converter and
charges the filters L, and C, again. Therefore, the analysis
performed for stage 1 is valid again.

Stage 4: Figure 2-d: Finally, S3 is blocked in order to re-
apply a zero voltage on the transformer. The equivalent
circuit that results is similar to that presented in stage 2.

If D is the duty cycle of the converter, the static gain for
the charging mode is defined as [10]:
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To obtain the average model for the charging mode of
the converter, the state variables adopted are ir» as well as
Ve, while the dynamics of the filter L; and C; are
disregarded, with V¢; being approximated to Vpc. This
consideration simplifies the analysis and the model. In this
way, the state space converter model for stages 1 and 3 is

defined considering:

. : 1 1|V,
1 12 Xl :L—L: = —|:L—Zi|X2 +|:L—2j| I];C b} (2)
: i 1 1 1
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From equations (2) and (3) the state space model is
defined by:
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where u(t) is the unit step function that represents the
energization of the system.
The analysis of stages 2 and 4 provides:
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To obtain the average state model [14], consider that
stages 1 and 3 are represented in the form of (10) and stages
2 and 4 by (11). The matrices A1, By and C; occur for a
time proportion to D while matrices Az, B> e C; are valid
for a time proportional to 1-D.
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Fig.2. Charging mode equivalent circuits for each stage of operation of the
converter.

(10)

X, =A,-X+B,-u(t)
Y, =C, X ’

{X2:A2~X+B2-u(t) (11)

Y,=C, X
The averaged state space model is given by:

(12)

X=A -X+B-u(t)
Y=C-X

where matrices A, B e C are given by:

A=A, -D+A,-(1-D), (13)
B=B,-D+B,-(1-D), (14)
C=C,-D+C,-(1-D). (15)

The model obtained is called the large signal averaged
state space model. It represents the behavior of the
converter as a whole and provides the mean value of the
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transient response. However, since the Vpc and Vpar
voltages do not depend directly on converter duty cycle, it
is necessary to perform the small-signal analysis that is
presented in section III.

B. Analysis of converter in discharging mode

To define the system model during the discharging
mode, each stage of operation of the converter is analyzed
again. Considering that the converter is responsible to
regulate the DC link, a load, represented by Ro is connected
to the system. In this case the battery is considered an ideal
voltage source. The analysis of the converter starts in the
positive half cycle again, considering the operation in
steady state.

Stage 1: Figure 3-a: Initially, the switches S; and Se are in
conduction and a positive voltage is applied to the
transformer. During this time, the direct influence of the
battery voltage on the circuit charges the capacitor C; while
L, is demagnetized. The equations involved in this stage

Va . _ip

are: Vi, =V, T, 0 la =—=—iy, V;; =V, - "Rg .

Stage 2: Figure 3-b: To magnetize the inductor L, again,
the switch S; on the DC link side is in conduction. Thus, the
transformer voltage is zero. The energy from the battery is
accumulated in inductor L,, while the capacitor C; is
discharged to the output. At this moment Vi, = Vga,
ict =—iL1 and VLi=Vci—iLi-Ro.

Stage 3: Figure 3-c: The negative half cycle has two
similar stages. When switches Ss and Sg are in conduction,
it is applied a negative voltage to the transformer. Initially,
capacitor C; is charged, while L, is demagnetized, similarly
to stage 1.

Stage 4: Figure 3-c: Finally, the semiconductor S; is in
conduction magnetizing L, again while the capacitor C,
discharges, similarly to stage 2.

In discharging mode of the battery bank, the static gain
of converter is [10]:

Vie n
V. 1-D’ (16)

Bat

During the discharge of the batteries, considering
possible failures on DC link, the dynamic response of filter
formed by L; and C; is included in the average model. In
this case, the state variables are: ir;, V1 and, ira.



Fig.3. Equivalent circuits for each stage of operation of the converter in
battery discharging mode.

From the analysis of the equivalent circuit of the first
and third stages, the following equations are obtained:
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Hence, the state space model are:
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Considering the second and fourth operating stages, the
following equations are valid:
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These equations provide the state space model that is
given by:
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Again, from the models obtained for each stage of
operation, the average model in state space are obtained,
according to the same methodology previously adopted for
the charging mode.

II1. SMALL-SIGNAL MODELS AND EXPERIMENTAL RESULTS

Both models developed in the previous section represent
the large signal dynamics of the converter. Since the
average model in state space depends on the inputs Vpc and
Veart, which does not depend directly on the control action,
the obtained models are not interesting for the design of
controllers. Therefore, it is necessary to perform an
adequate mathematical manipulation in the average model
to represent it as a function of the duty cycle D.

The analysis showed in [14] results in the so-called
small-signal model. This model is obtained around a point
of operation and has as input variable a magnitude
associated with the manipulation of converter duty cycle
and is therefore suitable for control purposes.
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The small signal averaged model for any converter is
defined by the analysis of perturbations on the state
variables of the system. From this principle, the
mathematical analysis presented by [14] results in the
model given by:

§=A-§:+Bs-d, (27)
y=C- X,
where Bs is equal to

B, =(A-A,) (A" -B)+(B,-B,). (28)

From equation (27) it is observed that the model of
small-signal depends on input d, which represents
variations of converter duty cycle over a point of operation
and is, therefore, suitable for the control.

To validate the obtained models, experimental results
were obtained in open loop using a prototype built for this

purpose. The converter parameters are summarized in Table
L.

TABLE I
DETAILS OF CONVERTER COMPONENTS
Components Parameters
Transformer Transformer ratio (2:1)
Inductor L, 0.5 mH
Capacitor C, 470nF /250 V
Indutor L, 1,50 mH
Capacitor C, 47nF /150 V
Load (Ro) 265 Q
Nominal Voltage: 60 V ( 5xGP12170)
Battery Bank Capacity: 17 Ah

Internal resistance (Rg,): 0,1 Q
Charge current: 0,1 C (1,7 A)
50 kHz.

230 V.

Switch Frequency
DC link Voltage

The converter transient response is obtained using a
Tektronix DPO4034 oscilloscope. The measured response
is compared with simulations carried out using PSIM
software. The experimental data were saved in vectors and
treated using Matlab software.

A. Simulation and experimental results of converter
operating in charging mode

The transient response of converter during the charging
process was obtained using the step response method.
According to the manufacturer's instructions, the batteries
must be charged with currents between 0.85 A and 1.70 A,
therefore, the converter duty cycle was defined using
equation (1) to result in adequate current values.

Initially, to verify the validity of the large signal model,
two situations were performed using PSIM: a) Considering
the battery bank totally discharged when the voltage is
equal to 54 V; b) Battery bank fully charged, when the
batteries must have a maximum voltage equal to 70 V.
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The large signal model for the charging mode of the
converter is defined by equations (4), (5), (8) and (9),
replaced in the model presented by (12).
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Fig.4. Response of the large signal averaged model for the charging mode:
a) considering the batteries with a voltage equal to 54 V; b) considering the
batteries with a voltage of 70 V.

The result is shown in Figure 4, where the coherence of
the large signal models for different points of operation is
verified. From this result it can be verified that the averaged
model obtained in the previous section describes adequately
large signal variations.

To validate de small signal model, a discharged battery
bank with 53 V was considered. The converter was
simulated with a duty cycle equal to 0.4617, which results
in a charging current equal to 0.90 A. A perturbation of
0.001 is applied on the converter duty cycle that leads the
battery current during the charge to its nominal value (1.7
A). Similar experimental test was performed in the
laboratory to compare the converter response with the
simulations. The results are presented in Figure 5.

Based on the result presented in Figure 5, it is observed
that the small-signal model provides a similar response to
that obtained in the circuit simulation and to the
experimental setup result. It must be noticed that even
considering simplifications during the modeling, the small
signal model provides adequate transient response.
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Fig.5. Comparison between the response of the small-signal model with
the experimental results and simulation of the circuit for a disturbance on
the duty cycle of the converter.

Considering the parameters presented in Table I, using
the matrices that describe the state space model of the
converter for the charge mode for the batteries charge mode
and the equation (27), that defines the small-signal model,
the transfer function (29) can be obtained. The transfer
function is useful to design the controller of the converter
for the charging mode.

iy(s)  1.44-10°s+2.5-10"

= . (29)
dis) s> +1.7-10%+1.3-10"

G,(s)=

It can be seen from equation (29) that through the small-
signal approach, the converter model can be expressed as a
ratio of the load current and the variation of the duty cycle.

B. Simulation and experimental results of the converter
operating in discharging mode

During the discharging mode of operation, the inverter
must regulate the voltage of the DC bus. For this situation,
the converter duty cycle is set to result in values close to the
nominal DC link voltage, 230 V.

To verify the large-signal model, the step response of
the obtained model was simulated using Matlab and it was
compared with the results obtained by the simulation of the
circuit, performed using PSIM software. The simulations
were performed considering the battery bank fully charged,
with 60 V nominal voltage. Therefore, it operates at
nominal voltage. In this case, the nominal converter duty
cycle is 0.48.

The comparison between the model response and the
simulated circuit is presented in Figure 6. It can be seen that
the averaged model of the circuit describes the behavior of
the circuit considering large signal variations. To validate
the small signal model, initially the converter was simulated
with a duty cycle equal to 0.40. For this condition, the
output voltage is equal to 200 V. After a time of 1.50 ms a
perturbation of 0.08 is applied on the converter duty cycle,
which takes the DC link voltage to the value of 230 V.
Similarly, the converter was tested in laboratory with the
same operation point. The result is shown in Figure 7,
which compares the response of the simulations with the
experimental result of the converter.
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Fig.6. Comparison between the simulations of the circuit and the large
signal averaged model of the converter operating in the discharging mode.
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Comparing the responses of the simulated circuit, the
small-signal model and the experimental result of the
converter, it is observed that both simulated systems present
a transient response similar to the experimental result.
Therefore, the result presented by Figure 7 corroborates the
mathematical model obtained.

Based on the small-signal model, the transfer function
representation is obtained (30). It relates the output voltage
of the converter with the perturbations of the duty cycle.

Vpe(s)  =2.29-10°* —1.05-10%s+2.18-10"°
Gy(s)= =5 3 2 9 13
d(s) s +4.802-10°s" +4.08-10"s +7.86-10
Since the transfer function depends on the duty cycle,
the small-signal model is suitable for the controller design,
which must keep the DC link voltage constant during the
discharging of the batteries.

Another point to be mentioned is the inclusion of the
Thevenin model of the batteries in the converter small-
signal models. Using this approach, it was possible to
include the influence of the batteries in the converter model
in its different modes of operation. In both cases, it was not
considered dynamics related to variations in the state of
charge of the batteries. However, the experimental results
shown that these variations do not affect, significantly, the
transient response of the system.

IV.CONCLUSIONS

This paper presented the modeling of an isolated
bidirectional battery charger. Two models were proposed:
one for the converter operating in the charging mode and



another model for the converter operating in the discharging
mode. Both models include the presence of battery bank that
are disregarded in previous works available in literature. All
the models are presented to be easily used for the design of
controllers. Simulation and experimental results were
presented to validate the models.
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