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Abstract—The insertion of batteries with low voltage levels 

and high charge capacity is of great interest for application in 

microgrids, mainly on assist the regulation of high voltage DC 

links, used to integrate power generation sources and 

batteries. The solution for this application are the use of 

bidirectional converters that operate like as charge/discharge 

controllers with high voltage gain. In this application, 

controllers with fixed gains based on average models, cannot 

guaranteed high performance due the variations on batteries 

state of charge and disturbances on the DC link loads. A 

solution are purposed in this work, where are applied an 

adaptive controller in battery discharge mode, critical case 

due the necessity to representation the system by small-signal 

models. Adaptive controllers are interesting because they are 

not depend directly on such models. Results obtained by 

simulations demonstrate that this strategy guaranteed 

robustness and high performance against parametric 

variations.   
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I. INTRODUCTION 

On microgrids, multiple power source, energy storage 

devices and loads are connected by means of high voltage 

DC link (300 V – 800 V) used to feed DC-AC converters. 

In this application, batteries of 12 V to 48 V are used to aid 

in power dispatch and DC link voltage control [1].  

Therefore, energy storage systems, based on DC-DC 

converters, inverters and battery banks are fundamental for 

renewable power sources, like a photovoltaic generation 

and wind turbines, where batteries acts as accumulators or 

auxiliary sources in periods of high demand of loads or in 

cases of low generation levels or faults in main sources [1]-

[4]. The operation of these systems consists of adequate the 

voltage of the batteries to levels appropriate to the DC link, 

making fundamental part of energy storage systems DC-DC 

converters with high voltage gain. The use of converters in 

these applications is due to the need to control the charge 

current of the batteries as well as to regulate the voltage of 

the DC link in cases of failure of the main source [4], [5].  

In relation of charge process, the control design have to 

anticipate harmful situations, as overcharge, deep discharge 

or raising of temperature. About the discharge, the main 

specifications of converter are related with settling time 

response, due the necessity of maintained constant the 

voltage on DC link, as well show robustness against 

changes of loads [4], [6], [7]. Due de several situations 

involved with the energy storage systems operations, 

different papers purpose the use of bidirectional isolated 

converters, specially due the safety of battery bank and due 

the performance issues  as efficiency and high voltage gain 

[8]-[15]. Many cited works focusses on design and analysis 

of converter in steady-state, however, the obtaining and 

verifying of models and transitory analysis of this 

converters is still an aspect that be better explored, 

especially in applications that involving battery banks, that 

showing nonlinear  and time-variant dynamics, therefore, 

complex to be modelling [16]-[20].   

The Figure 1 show the circuit purposed by [13] to 

regulating the DC link voltage on a fixed value, when 

considering the both operation modes of battery banks – 

charge and discharge –, however, modeling requires 

representation by small signal model, making it difficult the 

obtain robust controllers [16].  Due to closed-loop control 

are essential for these systems, and design of controllers 

with fixed gains depend on well-defined models, 

commonly are adopted for representation of theses 

converters the approach of average-model on state-space 

[21]-[22]. However, being dependent on an operating point 

[23], for applications on energy storage systems becomes 

limited due the variations on battery state of charge, 

changes on loads connected on DC link and nonlinearities 

of converters represented by small-signal models. 

To compensate parametric variations of plant, 

unmodeled dynamics and guaranteed high performance, the 

application of adaptive controllers are interesting. The 

implemented of the same can be by means of Least Square 

or Gradient algorithms, which differ in the way they 

calculate their adaptation rates [24]. In this work, a 

Gradient algorithm are used to present a fixed parametric 

adaptation rate, resulting in greater simplicity of 

implementation and design, a characteristic of interest for 

DSP implementation due to the reduced number of 

computations to be performed. From the power circuit 

shown in Figure 1, the control design are develop to 

regulate the voltage of the DC link during the discharge 

process of the battery bank. Therefore, this work 

contributes to the development of bidirectional converters, 

by ensuring the control and regulation of DC link voltage, 

presenting robustness against load variations and 

independence of small-signal models. 

II. PROBLEM DESCRIPTION AND SMALL-SIGNAL ANALYSIS 

Figure 1 show the circuit purposed by [13] to regulation 

of DC link voltage in a fixed value on both battery banks 

operation mode, charge and discharge. Initially, in battery 

bank side the converter B acts like a current-fed converter, 

raising the voltage of battery bank during the discharge 

process, case called Boost mode. On DC link side, the 

converter A acts like a step-down converter, on Buck mode, 

realizing the batteries charge.  
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Fig. 1. Power Circuit of Full-Bridge bidirectional converter.  

The equivalent circuit showed in Figure 2 can represent 

converter acts like a voltage step-down.  
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Fig. 2. Equivalent circuit of converter on Buck mode.  

For this operation mode, the converter present a linear 

transfer function, directly dependent of duty cycle (D) of 

converter, which represents a variable that can be 

controlled. For verified this statement, [13] presents the 

static gain, defined by: 

  
D

V

V

DC

Bat  , (1) 

Therefore, the relation between the voltages of the batteries 

and DC bus in this case, are directly dependent on D. 

Due to the possibility of represent this plant by means 

of a larger-signal model, although considering the 

variations concerning of the state of charge of the batteries, 

it is possible to obtain high performance controllers with 

fixed gains for the charge of batteries. Mainly because the 

parametric variations related to the charge dynamics of the 

batteries are, slow and do not require fast transient 

responses of the charge controllers [16].  To discharge 

mode, the converter operates according the equivalent 

circuit in Figure 3.   
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Fig. 3. Equivalent circuit of converter on Boost mode. 

In this situation, the bidirectional converter acts raising 

the battery bank voltage by means the follow equation:  
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Clearly, because the converter  transfer function - which 

must relate the voltages of the battery bank and DC bus - 

aren't depend directly on the duty cycle, it is not possible to 

perform a PWM modulation directly, necessary for control 

design purposes. For this situation, approaches that involve 

small-signal models are commonly used. This strategy 

consists in manipulating the converter transfer function in 

order to obtain a model dependent on a controllable 

variable, related to perturbations on the duty cycle [23].  

Since this is a linearization, small-signal models are 

only valid for regions near an operating point, under which 

the system was modeled. Therefore, fixed-gains controllers 

– designed from these models – cannot guarantee 

performance and robustness, especially against parametric 

variations of the plant, or disturbances, such as variations of 

loads connected on DC link. To investigate this 

information, in this section, it will be show the 

development of small-signal model for the converter in 

Boost mode. The follow analysis presented a reduced order 

model, characteristic interesting for Robust Model 

Reference Adaptive Controller – RMRAC – 

implementation, since it allows reducing the number of 

interactions necessary to adapt the controller gains. For 

modeling purposes, the equivalent circuit shown in Figure 3 

are be adopted. The Table I presented the circuit 

parameters.  

TABLE I 

DETAILS OF DIMENSIONED COMPONENTS  

Parameters  Specifications  

DC Link 
Nominal voltage:  400 V  
Power: 1 kW 

Load (RO): 40 Ω 

Battery Banks  Nominal Voltage: 48 V (4 x 12V) 

Transformer  4:1  

Inductor L1 0.8 mH  

Capacitor C1 2 µF x 500 V     ΔVC1: 20 V           

Inductor L2 180 µH   ΔiL2: 3.5 A  

Capacitor C2 22 µF x 150 V   ΔVC2: 0.48 V 

The following analysis considers the following 

assumptions: a) in cases of DC link failure, the VDC voltage 

must be less than nominal voltage and must be 

compensating by the battery bank; b) the load connected on 

DC link results in the nominal power, equal to 1 kW.   

A. Steady-state analysis and small-signal model  

In Boost mode, the bidirectional converter acts with the 

objective to regulated the DC link voltage. In this operation 

mode, converter B acts as an inverter transferring the energy 

stored on batteries to DC link, while the converter A acts 



 

 

like a rectifier, therefore, the equivalent circuit showed in 

Figure 3 are valid.   

Stage 1 – Figure 4-a, t0-t1: at first stage of converter 

operation as voltage step-up, the inductor L2 is 

demagnetized for the output system while C1 are charged. 

From the equivalent circuit showing in Figure 4-a, has the 

following equations: VL2=VBat-VDC e iC1=iL2-iRO. 

Stage 2– Figure 4-b, t1-T: for the inductor L2 has charged 

again, the converter B acts interrupting the power flux from 

batteries to DC link. In this moment L2 are connected in 

parallel with the batteries, therefore, presenting a positive 

voltage VL2= VBat, while C1, for not suffering direct 

interference of the batteries is discharged, with a current 

equal iC1=-iRO.  
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Fig. 4. Equivalent circuits of converter operation on Boost mode. 

Considering as state variables X1=VC1, X2=iL2, 

according to the analysis of the equivalent circuits, the state 

space that define the converter model are: 
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(3) 

where, Stage 1 is represented by the matrices A1 and B1, 

and Stage 2 represented by A2 and B2. Being 
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the average model in state space are given by: 









XCY

BXAX u(t)
, (5) 

where the function u(t) represents the energization of the 

system, and the matrix C = [1 0]. However, in order to 

represent the system as a function of the converter duty 

cycle, it is necessary to perform a mathematical 

manipulation in the average model in order to represent it 

as a function of a controllable variable. 

The analysis performed in [21] results on the small-

signal model. This model are obtained around an operating 

point, has as input variable d, associated with the 

manipulation of the converter duty cycle, and therefore 

suitable for control purposes. The small-signal average 

model for any converter, is defined by the analysis of 

perturbations on the state variables of the system when it is 

in steady state. From this principle, the analysis presents by 

[21] results on model given by:  

,ˆ

,dˆˆ
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BxAx s


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(6) 

when Bs is equal to Bs=(A1-A2)·(-A-1·B)+(B1-B2), and d  

represent a perturbation on converter duty cycle, D.  

B. Verification and analysis of the model 

The analysis of small-signal and average model were 

performed aiming to represent the system in a similar way 

to equation (6). In order to verify the validity of the model, 

simulations were performed using the Matlab and PSIM 

software, in order to compare the model response with the 

simulated circuit, involving unmodeled dynamics such as 

L1, C2, transformer and batteries. To simulate a fault in the 

DC link, a minimum voltage equal to 300 V was 

considered, while the RO load was set to result in the 

nominal power of the converter, when it is regulated at its 

rated voltage, therefore RO = 40 Ω. 

Initially, the converter it was test on a region near the 

nominal voltage of DC link. On steady state are applied a 

perturbation under the converter duty cycle for resulting in 

nominal voltage of DC link. The same test are realize on 

the average model with the objective to compare the model 

response and the circuit simulation at software PSIM. The 

result are showed in Figure 5, that verified the validly of 

model, since both the simulated circuit and the small-signal 

model show similar response. From the small-signal model 

in state space, the transfer function is obtain in (7).  
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Fig. 5: Comparison between the simulated circuit response and the 

average models of large and small-signals. 
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At a second moment, are realized different tests 

considering variations on loads connected on DC link. For 

different power levels are obtained the bode diagram of 

resulting models, showed in Figure 6, from which it is 

possible to verify the parametric variations of the plant, 

which depends directly on the converter operating point.  

III. DESIGN AND STRUCTURE OF CONTROL SYSTEM 

From the models presented on previous section, can be 

performed the design of control system. Based on the 



 

 

structure showed in Figure 1, the control system are 

implemented.  
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Fig. 6: Bode diagrams for different power levels. 

Due the uncertainties, presents on the system model – 

resulting of operating point variable and unmodeled 

dynamics – are adopted as control strategy the 

implementation of a digital Robust Model Reference 

Adaptive Controller (RMRAC). In this sense, the 

implementation of RMRAC controller are interesting to be 

showing robustness against unmodeled dynamics and 

parametric variations of plant, previously analyzed. The 

choice of reference model has as criteria the time of 

response and error on steady state. In this section are 

presented the design and structure of the adaptive control.  

A. Structure of adaptive control 

For the implementation of adaptive control are 

necessary represented the system by means of a transfer 

function like: 

R(s)

Z(s)k
)s(G


  (8) 

being Z(s) and R(s) are monic polynomials.  However, 

since the transfer function (7) is a non-minimal phase 

system, to fit the small-signal model to the RMRAC 

controller design, the zero in the right half-plane of 

equation (7) will be considering an unmodulated dynamics. 

Therefore, the small-signal model will be represent as: 

)s()s('G)s(G pp  , (9) 

G’p(s) represents the simplified small-signal model and 

µ∆(s) the unmodeled dynamics, involving for example the 

zero of Gp(s). From analysis of (7), G’p(s) represented by: 
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To evaluate the validity of the model presented in (10), 

in Figure 7 the bode diagram of both models of small-

signals is presented. Comparing the response of models, are 

possible verify that in the low frequencies both show 

similar behavior. As a reference model (RM), was chose a 

transfer function of relative degree 1, represented by:  

(s)R

(s)Zk
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(s)y
)s(W

m

mmm
m


 , (11) 

where the parameters of reference model must be choice 

according the design requirements as the time of response, 

overshoot and error in steady state. 
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Fig. 7. Bode diagram of small-signal models Gp(s) and G’p(s). 

For the implementation of adaptive controllers has be 

chose as control strategy the use of gradient algorithm, due 

this structure showing a reduced number of interactions 

when compared with LS algorithms. This characteristic are 

interesting for the implementation of this system in DSP. 

Therefore, the control action u(k) must be calculated as 

follow: )()()(u T kkk  , where )(k  control gains vector 

to be adapted, given by:   

 TTTTT )();();();()(
ry21

kkkkk  , (12) 

and ω(k) is 
TTT )](r);();();([)(

21
kkykkk  [24].  

ω(k) are updating has follow:   
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qFI
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where pair (F,q) are controllable with dimensions directly 

dependent on the relative order of the system. They must be 

chosen so that the filter given by (s·I-F)-1q results in gains 

of 0 dB at the low frequencies of the signal of interest. 

For the implementation of adaption law, the following 

recurrence equation it was adopt: 

)()()(T-)()( s mp1 /kksgnkkk1k  Γ ; (14) 

 sgn(·): are the signal function;  

 1 : augmented error, given by (16);  

 Ts: sampling period;  

 Γ: matrix of adaptive gains; 

)()()z(W)()()(y)(y T

m

T

m kkkkkk1  ; (15) 

In order to guarantee the robustness of the system the 

function m² is chose as normalization of the adaptive law: 

m²=1+ωT·ω. The parametric adaptation algorithm follows 

the block diagram presented in Figure 8, organized as 

follows: 

1. Sampling of the system output: DC  link voltage;  

2. Updating of the reference signal;  

3. Updating of the reference model; 

4. Updating of the error signal: e1=y(k)-ym(k); 

5. Updating of the augmented error;   

6. Updating of the control gains vector:  (k+1);  

7. Updating of the matrix ω(k);   

8. Updating of the control action: u(k);  

9. Updating of the adaptive law m²;  



 

 

B. Design of controller  

Given the equation presented in the previous subsection, 

one must choose the reference models, and matrix Γ for the 

implementation of the closed-loop system. As sampling 

frequency, the switching frequency of the converter (20 

kHz) it was used, in the way a sampling and an update of 

the gains to be adapted are carried out each cycle of 

operation. 

For the regulation of DC link was defined as design 

criteria the time of response equal to 15 ms, due to the need 

to control the DC link voltage with a fast transient 

response, with no overshoot or error in steady state. For 

this, the reference model chosen was: 
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

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. (16) 

According to the chosen reference model, the 

parameters for the RMRAC controller implementation are 

summarized in Table II. The matrix Γ was chosen to result 

in a 
TTT )](r);();();([)(

21
kkykkk  rapid and smooth 

transient response, in order to avoid overshoot during the 

adaptation of controller gains.  
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Fig. 8. Block diagram of adaptive controller. 

TABLE II 

PARAMETERS AND INITIAL CONDITIONS OF THE RMRAC CONTROLLER  

Symbol Parameter  Values 

  Adaptive gains    [ 0 0 0 0] 

ω Auxiliary vector    [ 0 0 0 0] 

Ts Sampling period   20 µs 

F Design parameter   -1 

q Design parameter   1 

Γ Adaptive rate  5·I 

Wm (z) Reference Model   
0.994

0.006 
)(




z
zWm

 

The results present in Figure 9 shows that both systems 

- closed-loop small-signal model and the reference model – 

have similar responses. The same test was be realized on 

power circuit of bidirectional converter, simulated using the 

PSIM to verify the response of RMAC controller to the 

unmodulated dynamic of the system. The response 

presented by Figure 10. In this result, we find certain 

differences in the values of the adapted gains, when 

compared with the Matlab simulated values. However, it is 

possible to verify that again the controller is able to follow 

the reference model according to the different voltage 

values of DC link. 
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Fig. 9. Control of the converter simplified model Gp(s) at closed-

loop – Matlab. 

0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16
0

200

400

0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16

10
-4

0

2

4

0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16
0.00

0.15

0.30

0.45

0.60
Control action (D)

Time (s)

Adaptive gains 

DC link voltage
V

o
lt

ag
e 

(V
)

Ɵ1 

Ɵ2 

  Ɵr 

Ɵy

VC1

RM

 
Fig. 10. Transient response of the DC link voltage for different 

reference values - PSIM. 

At a last moment, the converter was tested with the 

objective to verify the capacity of RMRAC controller to 

regulate the DC link voltage, against variations of loads 

(RO). In this test, power steps were applied to the DC link, 

varying between 50% and 100% of the rated power of the 

converter. From the result present in Figure 11, again is 

possible to verify the capacity of adaptive controller to 

regulate the DC link voltage, even with parametric 

variations such as changes in operating point and non-

linearity of converter, represented by a linearized model. 

This result is of great interest for this work due to 

verification of the robustness of the system, especially for 

the regulation of the DC link voltage - due to the non-

linearity of current-fed converter. This feature considerably 

limits the application of fixed gain controllers, for example 

PI or PID controllers, because when designed for a given 

operating point, they do not guarantee good performance 

outside the linear range of operation, for which they were 

designed. 
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Fig. 11. Response of DC link regulation - PSIM. 

IV. CONCLUSIONS  

The results obtained with the RMRAC controller 

proposed for the control of the discharge mode of a battery 

bank, from a bidirectional isolated converter, demonstrate 

high performance and robustness against parametric 

variations of the plant, adding reliability to the system, 

developed for applications in energy storage systems and 

regulation of DC links.  

For the development of this work, the average model in 

state space was used to model the converter through the 

analysis of small-signals. However, due to the parametric 

variations involved in this type of system, the application of 

RMRAC controllers is justified, mainly, by the robustness 

presented to load variations and unmodulated dynamics. It 

is worth mentioning that the application of adaptive 

controllers has proven interesting for such application, 

since similar performance cannot be guaranteed with fixed-

gain controllers. 

Therefore, the proposed system presents as advantages: 

i) easy implementation in DSP by presenting a small 

number of interactions; ii) robustness to load variations; iii) 

independence of errors in small-signal models; iv) 

compensation of unmodulated dynamics and parametric 

variations. For future work, it is expected the 

implementation of the controller in DSP, as well as 

experimental results to corroborate with the presented 

analysis. 
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