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Abstract

A high penetration of the Renewable Energy Sources (RES) can create stability, reliability and power quality
problems in the main electrical grid due to their stochastic nature. The microgrid is one of the analysed solutions to
solve this problem. In this context, the storage becomes necessary to better harness the energy generated by RES and
to maintain the proper operation of the microgrid.

This paper addresses the control of the bidirectional DC-DC converters used to interface a parallel connected
Hybrid Energy Storage System (HESS) formed by a Vanadium Redox Battery (VRB) and a SuperCapacitor (SC)
bank. The linear controllers have been widely used due to their simple design and implementation. However, their
operation is limited to a certain operation range. The variability of the analysed system makes the use of a more
robust controller necessary. In this work a PI based two-loop control system and a PI type sliding mode controller
(SMC) are compared by means of simulations using the Matlab-Simulink software. Some rules are fixed to facilitate
the design process of the SMC and the advantages of using a nonlinear controller are stressed.
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1. Introduction

The microgrid is one of the systems that is being analysed as a solution to the integration of the
Renewable Energy Sources (RES). Generally, a microgrid can be defined as a weak electrical grid formed
by different microsources (both renewable and not renewable sources), energy storage devices, power
conversion systems and different controllers. The main characteristic of a microgrid is its ability to work
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connected to the main grid or in islanding mode [1].

The use of an energy storage system (ESS) is necessary in order to smooth the variability of the RES
and other variations that can occur in a microgrid. An ESS must have a high power density in order to
face fast power variations, and at the same time a high energy density, to give autonomy to the microgrid.
As nowadays there is not any storage technology that satisfies both requirements, it is necessary to
associate more than one storage device creating a Hybrid Energy Storage System (HESS) [2].

In this work a HESS based on the association of a Vanadium Redox Battery (VRB) as long-term
storage device and a SuperCapacitor (SC) bank as short-term storage device is investigated in order to
improve the microgrid operation during RES and load variations. The parallel topology has been selected
to interface each storage device with the DC bus, using bidirectional DC-DC converters (BDC) to connect
each device.

This paper focuses on the control part of the BDCs. The linear controllers have been used in different
works to control storage systems though bidirectional converters [3], [4]. However, these controllers are
designed to manage the system around an operating point and they cannot assure a good response with
high load variations or parameter uncertainty. Nonlinear controllers, on the other hand, are more robust
controllers that can face those kinds of variations.

This work compares by means of simulations the response of a PI type sliding mode control (SMC)
system and a typical two-loop PI based control system. The simulations have been carried out using the
Matlab/Simulink software and the SimPowerSystems toolbox.

2. Hybrid Energy Storage System Modeling

This section shows the dynamic models of the two ESSs that have been used during simulations. The
complexity of the dynamic models has been chosen according with the investigated phenomena.

2.1. Supercapacitor

The SC is represented using a series connected RC circuit formed by a constant capacitor and a
constant resistance, which represents the electronic serial resistance in the conductors and the ionic
resistance in the electrolyte. From different literature works [5] it is clear that both capacitance and the
serial resistance of the SC are dependent on frequency, temperature and voltage. However, in the
simulations that have been run, the simulation time is short and thus the effect of the temperature and
voltage variations can be neglected because they are almost constant. The self-discharge has been
neglected due to the same reason. The frequency variations of the supercapacitor current are low enough
to assume that the capacitor value is also constant.

2.2. Vanadium redox battery

The dynamic model used to represent the VRB has been presented in detail in [6]. The model was
presented in those works as a valid dynamic model to simulate the effect of a VRB for wind power
smoothing application. The stack voltage is modelled as a controlled voltage source, being its value
dependant on the state-of-charge (SOC) and the open circuit voltage or Nernst voltage. The SOC is
modelled as a variable that is updated every simulation step. The transient behaviour of the VRB is
represented using a parallel capacitance. This transient behaviour is related to the electrode capacitance as
well as the concentration depletion close to the electrodes. In the used dynamic model only the electrode
capacitance is represented.

The work [6] determine the parameters of the model assuming that at the operation point where the
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stack current is maximum and the SOC 20%, the power losses of the VRB are of 21%. Therefore, at this
operation point the overall efficiency is supposed to be 79%.

2.3. Bidirectional DC-DC converter

The well-known averaging method [7] has been used to represent the behaviour of the BDC (Fig. 1
shows the topology of the selected bidirectional converter). As the BDC can work in both senses, it is
necessary to distinguish two averaged equation systems, the first related with the boost mode and the
second related with the buck mode (1) and (2) with a=1 and a=-1 respectively).
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3. Control of the HESS

Fig. 1 shows the schematic representation of the system that has been simulated. It is formed by a
current source that emulates the current generated by a wind turbine, two BDCs that are used to interface
the storage devices, a DC bus capacitor, a two-level inverter, a line and a resistive load. The inverter is
controlled by a typical two-level PI based dq0 frame control system [8].
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Fig. 1.Schematic representation of the analysed system.

In the case of the HESS there are two control levels, as shown in Fig. 2. The higher control level is
responsible of selecting the power reference for each storage device. The low control algorithms control
the power converters to follow the power references. There are many different control methods for the
high level control system [6], [9]. In this case the filtering one has been selected. The power absorbed by
the inverter is filtered and the low-frequency part is supplied by the VRB. The DC bus voltage control is
made by the SC, using a two-loop control strategy. Thus, the SC tends to supply/absorb a constant
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current. Consequently, the power supplied/absorbed by the SC is also filtered and the low frequency part
is added to the VRB current reference in order to maintain at OA the average current of the SC.
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Fig. 2: Structure of the control system.

The low-level control algorithm of a BDC is typically a two-loop PI control system. The proper
operation of the linear controllers is limited to an operation range around the selected operation point, and
in consequence it is not possible to assure that it will be able to face the different variations that can occur
in the system. In the case of the HESS application in the microgrid context, system variables like the
voltage of the storage devices can have high variations. A more robust control algorithm may be
necessary to control the system in order to face these variations as well as the inevitable parameter
uncertainty made in the modelling process of the system.

This work proposes a sliding mode control system to control the BDC of the SC, as it is the one that
will face fast power variations. The low-level current control of the VRB is carried out by a PI. The
behaviour of the SMC is compared with the response of a PI based control system, showing some results
that justify the use of a nonlinear controller from the control point of view.

The typical hysteresis-modulation based sliding mode controllers create a variable switching
frequency, which complicates the design of the output filters and increase the power losses of the BDCs.
From the power conversion system’s point of view a fixed-frequency should be used. In this work a
PWM based modulation has been used to fix the switching frequency of the SMC.

The following two subsections explain the design process of the SMC and PI control systems of the
BDC.

3.1. PI control system design

This control system is based on the use of two control loops, an inner one to control the current of the
inductance and the outer one to control the DC bus voltage, as it is shown in the Fig. 2. A PI is used for
each loop.

In this case, the boost mode equations are going to be used to design the controller. Same controllers
but with opposite sign parameters could be obtained using the buck mode equations.

The system represented by(1)and (2) is not linear. Thus, it is not linear. Thus, it is not linear. Thus, it is
necessary to linearise the equations in order to obtain the different transfer functions and be able to design
the controller [10]. Neglecting the effect of the small variations of the other inputs, the small-signal
transfer function (1) has been obtained, which can be used to design the inner current loop.

7% - CVBUZSS -~ 12)1L 3)
d CLs"+D

A PI controller has been designed using the Matlab rltool() function. Its values K»; and Tir are shown in
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Table 1. The current PI controller of the BDC of the VRB has been designed by this method.

Once the inner control loop has been designed, it is necessary to take into account its effect in order to
design the outer control loop of the DC bus voltage. The control action u is generated by a PI controller,
whose expression is shown in (2). If this expression is substituted in the linearised equations, the new
equation system will represent the behaviour of the inner closed loop system. Then, the transfer function
(3) can be calculated and used to design the outer voltage control loop. The parameters of the PI voltage
controller K> and Ti2 are shown in Table 1.

Table 1: Control system parameters.

Parameter Value Parameter Value
K, -0.5 K, 14.62
T, -0.001 K, 7311
K, 10 K, 1
T, 0.0001
7= (ime - XKplTns"'l) (4)
T;s
th - Kpl Til DVBL’S s = DVBUS (5)
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3.2. SMC design

A nonlinear controller has been designed in order to analyse its advantages comparing to the linear
controller. The sliding mode control has been selected due to its ability to guarantee stability and
robustness against parameter, line and load uncertainties [11]. As the power converters are inherently
variable structure systems, the use of the SMC is appropriate to control such kind of systems.

The selected switching surface is shown in (4), whose structure can be named as PI type SMC (refer to
Fig. 2). The effect of the inductor current, third element of the surface, is added in the case of the buck
mode and subtracted in the boost mode, as the positive current sense has been selected as the one that
discharges the ESS.

The steps to design a SMC controller for a DC-DC converter can be found in [11]. The hitting
condition is met with the configuration shown in (4).

S=K X +K,[XdttKX,

1, when S<0 (6)
u=
0, when S >1
Where Xl = Vbusref - Vbus and Xl = iL

Once the hitting condition is satisfied, it is necessary to analyse the existence condition of the SMC
controller applying the local reachability condition of the state trajectory (5):

lim SS <0 (7)
§—0
In order to analyse the existence condition, first of all it is necessary to transform the averaged

equations of the BDC using the new state variables (refer to (6) and (7), boost mode with a=1 and buck
mode with a=-1).
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The existence condition is analysed dividing the problem in two cases.
Case 1: When S<0, S >0 and u=1

. i v, 10
S=ka M) g x s gl Yoy 0 W | (10)
c ¢ )

Case 2: When S>0, S <0 and u=0

S=Ka'my kX +Ka = <o (11)
c L

The selected sliding coefficients must assure that both inequalities, (8) and (9), are satisfied.

However, these inequalities are not helpful to analyse which can be the limits of the parameters. An
interpretation of those expressions can conclude in new simplified relations that can be used to select the
sliding coefficients.

In the inequality (8), if #=0 is substituted in the state equations, the transform of Laplace is applied and
the final values of the state variables are obtained, it can be seen that their tendencies are Xi— Viusref~Vess
and X>—ins. Knowing that, the inequality is satisfied for both operation modes if K>>0.

In the inequality (9), if it is assumed that the DC bus voltage is near the reference value, the element
KoXi could be taken as negligible taking into account that the values of C and L are small enough to
increase the other two addends in consideration. In that case, in the buck mode the inequality will be
satisfied selecting positive values for K; and K3; in the case of the boost mode, the relation (10) is
obtained. Fixing the maximum current injected by the BDC in the DC bus, an upper limit for the relation
between K; and K can be defined.

K _VuC (12)

K, L
After analysing the existence condition, the stability condition must be assured, which will give more
limited rules to define the sliding coefficients. The stability condition of the SMC is guaranteed if the
dynamic of the system in sliding mode is directed toward an operation point where a stable equilibrium
exists [11]. In sliding mode the system slides in the switching surface and in consequence S <0 and S <0.
The dynamic of the BDC in sliding mode can be obtained calculating the equivalent control from the
expression S<0 (11) and substituting it in the average state equations ((6) and (7)). In this case only the

equivalent control of the boost mode is used; the same transfer functions but with opposite sign can be
obtained for the buck mode.

_ Ki,L+K,X,CL-KJV, C (13)

ess

u
“ 7 K X,L+K,CX,-K,CV,

busref

Once the equivalent control is substituted in the averaged equations, they must be linearised around an
operating point as the obtained equations are highly nonlinear. Then, it is possible to obtain the small-
signal transfer function between the output DC bus voltage error and the input DC bus current, which is a
disturbance from the DC bus voltage point of view. If it is assumed that in the operating point the voltage
error, the inductance current and the DC bus current are null, the expression of the transfer function is
considerably simplified. Furthermore, if a value of / is selected for the parameter K>, the second order
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behaviour of the DC bus voltage can be represented depending on the values of K; and K>. The resulting
transfer function is shown in (12), and it represents the dynamic of the system in the sliding mode around
the selected operating point. The relation between these parameters and the natural frequency and the
damping factor can be obtained easily and the controller can be defined to obtain the desired dynamic.

The numerical values for K and K> (refer to Table 1) have been selected in order to have a damping
factor of =1 and a settling time of 3 ms.

1 (14)

1 s+ VESSKZ
CVEUS CVBUS

X

1
b C g2

4. Simulation Results

The investigated control algorithms have been compared in two different case studies that simulate two
situations that occur in a microgrid. On the one hand, the effect of the variability of the RES has been
simulated introducing a current profile generated by a wind turbine in the DC bus. On the other hand, the
effect of an instantaneous AC load power increase has been simulated.

The parameters of the supercapacitor bank used in the simulations have been extrapolated from the
commercial unit BMODO0083 P048 of Maxwell Technologies manufacturer. The parameters that have
been used are equivalent of a SC bank that has 200 cells connected in series. The total capacity of the
used SC is 3.75F, the serial resistance is 114.4mQ and the maximum voltage is 540V.

The VRB used in this work has a rated stack voltage of 450V (at 50% of SOC and open circuit), a
maximum charge/discharge current of 28A and an autonomy of 0.75 hours. The parameters used in this
work are resumed on the left two columns of Table 2.

Table 2: Simulation parameters.

Parameter Value Parameter Value
N 322 Sovitching 15kHz
V eguitivrin 1.4V Ly 2mH
k 0.05138 Lyss 2mH
K pump 0.9877 Cps 4700pF
Rsime 0.972Q L 3mH
R caction 1.458Q R, 12mQ
Ry 531.44Q L. 211pH
Coerodes 0.0186F Ripwa 12Q

The configuration of the simulation system has been shown in Fig. 1 and the other simulation
parameters are given in Table 1 and Table 2.

Fig. 3 shows the results of the two case studies. When the current profile generated by a wind turbine is
introduced to the DC bus, the behaviour of both control systems is similar, and thus, only the response of
one of them is shown in Fig. 3a. The response of the controller is analysed in two cases, when the voltage
of the SC is the rated one (450V) and the case when the SC is discharged with a voltage of 250V. As the
variations introduced by the current profile are not very high and fast, both controllers react in a similar
manner and both are able to maintain the stability of the system as well as to integrate correctly the
energy coming from the wind turbine. Due to the filtering method, the SC supplies/absorbs the fast power
variations coming from the RES, and the battery supplies the current that is necessary to maintain the
average current of the SC at 0A (see Fig. 3a). The DC bus voltage is also maintained at the reference
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700V value (see Fig. 3b).
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Fig. 3. a)RES variation-ESS current evolution, b)RES variation-DC bus voltage evolution, c)Load variation-DC bus voltage in PI
case, d)Load variation-DC bus voltage in SMC case.

In the second case study an AC load power increase of 50% (13.5kW) is introduced. In Fig. 3c the
response of the PI based controller is shown and in Fig. 3d the one of the SMC. In both cases only the DC
bus voltage evolution is shown: the AC variables behaviour is correct and the inverter is able to restore
the correct 230Vrms value after a short transient period. Due to the filtering method, the peak power is
supplied entirely by the SC. As in the first case study, two responses are compared: first when the SC is at
450V and second when its voltage is 250V. The results show that the PI system is able to react as
expected when the voltage of the SC is the one used to calculate the controller, but when the voltage is
reduced the control system looses stability. On the other hand, the SMC is able to react maintaining the
design specifications in both cases.

5. Conclusions

The control of a HESS in a microgrid application has been analysed, comparing a PI based linear
controller and the nonlinear sliding mode control. The SMC controller design has been summarised,
defining some rules that facilitate the selection of the sliding coefficients for the control of a bidirectional
DC-DC converter.

The comparison between the responses of the controllers shows that the sliding mode control is able to
react in a similar manner independently of the state-of-charge of the SC. However, the PI based control
system is not able to maintain its good response when the operation point is not inside a limited range
around the operating point selected to design the controllers. Due to the characteristics of the HESS and
the microgrid operation, the PI based controller cannot assure the stability of the system in the entire
operation range and consequently is not an acceptable option for this application. The sliding mode
controller shows a higher robustness and it is able to operate correctly at the different cases that have been
analysed.
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