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Abstract

This paper concerns the control design of Hybrid Power System(HPS). Dynamic
equations describing the coupling of buck converters are derived and a robust
fuzzy sliding mode dynamic controller is designed. The aim is to show that the
proposed control leads to good results in terms of robustness and stability
according to the fluctuations of renewable sources and the load variations, without
the use of cascade structure commonly used in literatures. The proposed control
method is stable, good behavior to external disturbances, and does not request to
know the system parameters exactly. Simulation results show good dynamic
performances in term of response time of the DC bus voltage and robustness
according to the load and the input voltage variations.
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1 Introduction

Electrical energy is an essential factor for the development of the human
societies. The limited reserves of fuel oils and their unstable prices have
significantly increased the interest in renewable energy sources (photovoltaic
modules, wind turbine, etc). Combining renewable energy and conventional
energy sources with a storage system, can reduce pollution and enhance energy
security and reliability.

That's why the design of hybrid power systems has received considerable
attention in the last decade [1].

As in any isolated multi-sources power system, the key issue is the balance
of energy. For this aim power electronics are widely used to manage power
hybrids systems according to the variation of the sources and the load [2].

An accurate model for the coupling of DC/DC power converters on a DC
bus has been developed to take full advantage of renewable energy [21].

In comparison with the related works [3]-[9], the proposed model is useful
to explain the physical phenomena relating to the coupling of the DC/DC power
converters on the DC bus as well as the energy flow control provided by each
source.

To perform the hybrid systems, a control strategy has to be design and
implement to the system. The literature in the domain [10]-[12] is mainly
concerned with the sizing, economics and power flow management of the system
devices, while paying little attention to dynamic control aspects. However, the
development of robust controller is necessary to ensure stability and robustness of
a multi-sources renewable energy system. Particularly, the variable structure
systems (VSS) theory [13], [14] can be extremely helpful in the study of the
control of powers converters as DC/DC buck converters. The switched mode
DC/DC converters are non-linear and it is not suitable to application of linear
control theory.

A different approach, which complies with the non-linear nature of
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switch-mode power supplies, is proposed. In this context, the sliding mode control,
which is derived from the variable structure systems (VSS) theory appears as a
powerful control technique that offers several advantages: stability even for large
supply and load variations, robustness, good dynamic response and simple
implementation. Their capabilities emerge especially in application to high-order
converters, vyielding improved performances as compared to usual control
techniques.

However, during the reaching phase, the controlled system uncertainties
influence negatively on the performances (chattering problem). Numerous
techniques have been proposed to eliminate this fact [8] [9], such that replacing
the discontinues control by a saturating approximation [10], and integral sliding
control [11].

Recently, Fuzzy SMC (FSMC) has also been used for this purpose. This
combination (i.e., FSMC) provides the mechanism for designing robust controllers
for nonlinear systems with uncertainty.

In this paper, in order to guarantee the robust behavior of the system
(eliminate the chattering problem), fuzzy system is used for reaching phase.

This paper is organized as follows. Firstly, we will present the multisource
renewable energy system. The second part presents the system configuration. The
third part describes the model of several DC/DC power converters coupled on the
DC bus. The last part is an application to the fuzzy sliding mode control to

manage power of two renewable energy sources.

2 System Configuration

The HPS under consideration is shown in Figure 1. It consists of a
Combustion Engine (CE), a renewable energy sources (RES: photovoltaic module

and wind turbine), an Energy Storage System (ESS: Batteries and Ultracapacitors)
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and a variable load. All these elements are connected onto a DC bus through

DC/DC power electronic converters.
The DC bus accumulates the generated energy and sends it to the variable
load and, if necessary, to the energy storage system. In this configuration,

renewable sources take over as main energy source.
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Figure 1: HPS Scheme

3 Hierarchical Controller for Hybrid Power System

Based on reviews of multisource power, the block diagram of the global

control strategy is illustrated in Figure 2.
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Two hierarchical levels are required to control and manage the HPS.

The high level is performed by the online supervisor unit. This unit uses the
data about the load, the meteorological conditions and the charge state of energy
storage system (ESS) and combustion engine (CE), to correctly and efficiently
share the load demand according to the availability of conventional and renewable
energy, in other words, to decide whether to charge or discharge the ESS, to turn
on or off the CE, to reduce the renewable sources power production or not, and so
forth. Such control level is designed by applying on-line Takagi-Sugeno fuzzy
logic principles [25].

The low level is performed by a local control unit (DC/DC converters
controller) of the different power sources. This level manipulates the duty cycle
converter according to the variation of the sources and the load.

In this paper, emphases are put on the Low level controller. In my previous
works [25], the sliding mode controller is applied to DC/DC converters. In order
to improve the robustness and performance under the uncertainty of this controller,

we apply in this section a fuzzy sliding mode approach.
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Figure 2: Block diagram of hierarchical controller for HES
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3.1 Modeling of DC/DC Converters

The DC/DC converters are basic constituents of the multisource system. The
aim of these converters is to regulate the DC component of the output voltage to
its reference by controlling the current provided by each source in spite of the
voltage variations on their inputs.

The ZVS full bridge isolated DC/DC converter [15], [16], [17], studied in
this paper, is represented on Figure 3.
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Figure 3:  Structural diagram of the ZVS full bridge isolated buck converter

It supposed that it runs in a continuous conduction mode. The full bridge
control (Q1 to Q4) is realized by a phase shift controller UC3879. The duty cycle
value ¢ is modified by the phase shift between VA and VB voltages.

Four basic structures of operation may be distinguished.

Phase 1: (Q1Q4) On and (Q2Q3) Off. Phase 2: (Q1d3) On.
Phase 3: (Q2Q3) On and (Q1Q4) Off. Phase 4: (Q2d4) On.

The structural diagram corresponding to the operation phases 1 and 3 is
depicted in Figure 4 and the one corresponding to the operation phases 2 and 4 is
represented on Figure 5. r, and rs are respectively, the transformer primary and
secondary resistances. Ly is the transformer magnetizing inductance. Cpc is the

DC bus capacity and the load Ry, is supposed resistive.
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Figure 4: Phases 1 and 3

The voltage source (Vy) is disconnected during phases 2 and 4 which
correspond to the transformer demagnetization (Figure 5), so ig=0.
Each phase leads to a following state space model:

X=AX+B,u (1)
where x =i, i, V,,] is the state vector, and u = B/g Vd]T is the control vector.

im, I, Vious, Vgand Vy respectively represent the transformer magnetizing current,
the inductance current, the DC/DC power converters output voltage, the source
and the diode voltage. It is assumed that diodes are not ideal.
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Figure 5: Phases 2 and 4
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Combining the above phase states model, the average model of the DC/DC

converter shown in Figure 3 can be derived as follows [18-20]:

On-line Fuzzy sliding mode controller for Hybrid Power System
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X(t)= T (xu)+g(x uplt) @
Where
f(x,u)=ax(t)+but),  g(xu)=Ax(t)+Bu(t), A:%(Al ~A,+A-A,),

a:%(AZ+A4), B:%(BI—BZ+83—B4), b:%(BZ+B4).

3.2 Coupling of several DC/DC power converters on a DC bus

The average model of the buck converter developed above can be extended
to the coupling of many renewable sources [21]. We suppose that the DC /DC
power converters are identical. Thus, the partial structural diagram of the coupling

of m DC/DC power converters is represented on Figure 6.
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Figure 6:  Structural diagram of the coupling of m DC/DC power converters

The multimodel for m DC/DC converters coupled on a DC bus is express as
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follow:

X (t)=F(X,u)+G(X,u)p(t) (3)
Where

F(X,U)=[,00, ) £ (3, un )T G(X,U) = diaglg, (xy,uy ) (X, )]
X =[x, X, [ U=[u,.u, ], o=[o,...0.].

The multimodel parameters (F and G) change according to the DC/DC
power converters coupled on the DC bus.
For simplicity of presentation, in this subsection, only two coupling sources

are considered (m=2).

3.3 Dynamic controller design for DC/DC converter

In this section, we design a sliding mode dynamic controller "SMDC" which
regulates the voltage level on the DC bus by controlling the current provided by
each source.

In various works in the literature, a cascade control structure with two
control loops for DC/DC converters control is usually adopted [22], [23]. In this
structure, an inner current loop regulates the buck inductor current, whereas an
external control loop keeps a constant output voltage.

However, this structure has some drawbacks such as the value of reference
current that may be poorly estimated because of quick variations of the load and
the sources. The current estimation error introduces a bus voltage error compared
to the reference one. This affects the controller performances in terms of
robustness.

To overcome this issue, we adopt in this paper, a MIMO fuzzy sliding mode

robust control device (Figure 7).
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Figure 7:  MIMO fuzzy sliding mode robust control scheme

The development of the sliding mode control scheme consists of two phases.
The first is to design a sliding surface where the DC/DC converter exhibits desired
properties. The second is to design a control law to drive and maintain the system
on the sliding surface [22-23].

In order to act simultaneously on all state variables, let us define the

following PI-type sliding surface

t

s(t)=e(t)+afe(r)dr, i=12 (4)
0
where:
ei (t) = kl(l Li ILi_ref )+ kS(Vbus _VbuS_ ref ) (5)
Il rersVius_ @re the references of inductor current and voltage DC bus. ki, 2,3

are the tracking weight factor error and « >0is the sliding-surface integral
parameter.

In the following, a bounded control input is designed to force o, (t) to converge

to zero or make its absolute value smaller.

We obtain the equivalent control ¢, , by applying the invariance condition.
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5(t)=0,(t)=0, with ¢, (t)=p4t) i=12.

From (4), the time derivative of &,(t)along system (3) is given as

5i = ki(AZ—Xi + BZ—ui)(oeqi + ki (aZ—Xi +b2—ui - I‘Li_ref )_

. (6)
K (As—xi + By Uy = Vs rer )+ oe; =0

The notation A, refers to the second column of the A matrix.

Thus, the equivalent control-input is given as

R. .
@eqi:_%ia 1=12 (7)

R, = ki(aZ—Xi +b, u; - I.Li_ref )_ Ky (Aa—xi +B;u; - Sref )"' ae; (32)

where

H, =k (A, _x,+B,u,) (8)
It is well known that the exact value of the external disturbance and the

parameter variations of the system, such as internal resistance and magnetizing

current, are difficult to measure in advance for practical applications. Therefore, |
propose a non-linear switching control-input ¢, to estimate the upper bound of

uncertainties and external disturbance.

o)=L siate ) ®

In the presence of parameter uncertainties and external disturbances the

dynamic equation (3) becomes
X (t)=F(x)+G(x)p +Alt) (10)
where A includes the uncertainties and perturbations.
In order to reduce chattering, the most common method is to replace the sign
function by the saturation function sat(s(t), &) [26].

where
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sign(s), |o]>¢ >0

sat(5(t),¢)=1¢s (11)
— lol=¢
¢
and £ is a small positive constant.
Hence, the SMDC rule can be designed as
At
0= 00028 (5, 0.) @)

In order to improve the robustness and performance under the uncertainty of
the SMDC and to eliminate the chattering effect, we apply in this section a fuzzy
logic approach.

The control law of the proposed adaptive robust fuzzy sliding-mode control
IS given as

00=0(0-20 106 @)
where §is the sliding surface and f(5) is a fuzzy switch system.

By using the singleton fuzzifier and center-average defuzzifier, the output of the

fuzzy system is given as follows [26]:

5 2 (6+a) _(0-a)"
b (5) gb{e ot g o J
f(6)=1% =— g (14)
2.4(5) #(9)
j=1 j=1
where ¢, (5) (i=1,...,5)are the input Gaussian membership functions (Figure
9) and by (i,j =1, ..., 5) are the center values of output membership functions

defined as b1 = —b5, b2 = —b4 and b3 = 0 (Figure 10).

Gaussian center values are defined as: al = —a5, a2 = —a4, a3 = 0, and
widths of the input membership function are defined as c; = o.

The linguistic labels used to describe the fuzzy sets were {NB, NM, Z, PM,
PB} negative big, negative medium, zero, positive medium and positive big,

respectively.
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Figure 8:  Input membership function for &
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Figure 9:  Output membership function

The fuzzy rules (Table 1) are designed in such a way that the stability of the
system would be satisfied such as proven below.

Table 1: FSMDC rule base
S
Pb Pm Z Nm Nb
f(5) No Nm Z Pm Pb
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The main theorem, stated and proved below, provides sufficient conditions

to ensure the stability and robustness of the multi-sources system.

Theorem 3.1 Let the nonlinear multi-sources system given by equation (10) and
sliding surface given by equation (4), and suppose that the Lyapunov function is
defined by

V(D)= 6,0+ 0, (15)

Then, the sufficient stability condition for the FSMDC in the sense of Lyapunov

should satisfy the following range of switching gains:

Alt
7, (t) < | U, i=12 (16)
fs ]
|
where | Al represent the upper bound of the uncertainties and perturbations.

Proof. If Vv(t)is a Lyapunov function candidate defined as in (15), the asymptotic
stability will be satisfied if V(t)<0, with

V(t)=6(t)o(t) + 5,(t)o,(t) (17)

Using the equations (10) and (4) and substituting the control law equation

(13) into the above equation becomes
V(t) = 5,(tHies + R =7 F(5)+A)+8,(tNH,000 + R, — 7 £(5,)+A)
From (6),
V(1) =6, 0 () + A+ 5,0 7, ) (5,)+ AL)] (18)
Notice thatai <0 fori=1,2

5 <0,then f(5)>0
if {6 =0,then f(5)=0
5 >0,then f(5)<0

Therefore, it can be derived that o, f (6,) <0, for i=1,2
Then

V()< -3501(60) 7 -
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As a conclusion, to satisfy the conditionV(t)<0, and to compensate the

bounded parametric uncertainties and disturbances, we must restrict to the

sufficient condition (16).

4 Simulation Results

To illustrate the control design and performance evaluation of our structure,
a hybrid power systems coupled to two sources through a similar buck converter is
considered. The characteristics of the full bridge buck converters are:

Rmos=0.005Q, RI=2 Q, n=12, Vd=0.3v, L=1e-3H, Lm=20e-6H, rp=0.0520,
rs=0.05Q, Ce=20e-6F, Re=56e3%2, CDC=10e-6F.

The DC bus voltage reference is set at 100V. Simulations are obtained with
sampling interval Te = 50us. We suppose that, 40 % of the load demands are
supplied with the first source and 60 % with the second one.

Responses obtained with our algorithm are compared with ones resulting
from the PI algorithm with cascade structure. The linearization techniques are
applied to the converters in order to deduce linear parameters [24].

The simulation conditions are identical for both controllers.

To compare the global performances of our algorithm with Pl one, let us
consider the Mean Square Error (NMSE, Table 2), that is interpreted as the overall
deviations between output plant and desired values, and is defined as:

NMSE = IZ(Vbus _Vbus_ref )2 /ZI: (Vbus_ref )2 (19)

In order to test the capacity of FSMDC to reject disturbances, and to
investigate the robustness of the control scheme, the load and sources dynamics of
the hybrid system are supposed fast. The sources and load profiles are represented
by the Figures 10 and 11.
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Figure 11: Load profiles

The closed-loop responses of load current DC bus voltage, tracking voltage
error and load current obtaining with PI controller, sliding mode controller and

fuzzy sliding mode controller are shown in Figures 12, 13 and 14 respectively.

Table 2. NMSE
Pl SMDC FSMDC
1.2483 0.0075 2.3e-4
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Figure 12: DC bus voltage plot obtained with Pl controller, sliding mode

controller and fuzzy sliding mode controller
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Figure 13: Tracking voltage error plot (logarithmic scale) obtained with PI

controller, sliding mode controller and fuzzy sliding mode controller

Given the fast dynamics imposed on the sources and the load as evident
from Figure 10 and 11, the simulation results reveal that the FSMDC is
advantageous in providing negligible steady-state errors (NMSE = 2.3e-4), to
adjust the flow source that meets the load demand and guaranteed stable system
(Figure 12). It can also be seen that the responses are satisfactory in terms of
overshoot, settling time, and fall time. This shows an excellent behavior of the
sliding mode controller in comparison with Pl controllers which does not run

correctly for wide variations of operating point.
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Figure 14: Load current plot obtained with PI controller, sliding mode controller

and fuzzy sliding mode controller.

5 Conclusion and Prospects

The application of the sliding mode control technique to Full bridge DC-DC
converters is analyzed in this work. Mathematical proof for the stability and
convergence of the system parameters is presented. In order to reduce the
chattering phenomenon, which is inherent in a sliding mode control, a fuzzy logic
approach is used. This control technique provides good overall performances
compared to standard current control and good robustness against load and input
voltage variations.

The proposed control scheme avoids current overshoots and so contributes
to the optimal design of multi-sources power system.

The value of the system tracking error has related to controller parameters.
Since the inappropriate controller parameters affect the performances of the
control system, it is important to adapt in real time the whole parameters
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according to the controlled system. This issue and the application of the proposed

control scheme to large scale renewable multi-source power systems will be

considered in our future work.

The neural-based adaptive observer, in order to identify unknown functions

in the multi-source system and to estimate the unmeasured states, will be also

studied in our further works.

References

[1]

[2]

3]

[4]

[5]

[6]

A.L. Pereira, Modular supervisory controller for hybrid power systems, Risg
National Laboratory, Roskilde June 2000.

J.T. Bialasiewicz, E. Muljadi and S. Drouilhet, Hybrid “Power Systems with
Diesel and Wind Turbine Generation”, G. Nix National Wind Technology
Center National Renewable Laboratory (NREL) 1617 Cole Boulevard
Golden, CO 80401, USA.

F. Valenciaga and P.F. Puleston, Stand-Alone Hybrid Generation System
Using Wind and Photovoltaic Energy, IEEE transactions on energy
conversion, 20(2), (June, 2005).

P. Karlsson and J. Svensson, DC bus voltage control for renewable energy
distributed power systems, IASTED power and energy systems conference,
Proceedings of PES 2002, Marina del Rey, CA, USA, (May 13-15, 2002),
333-338.

P. Karlsson, DC Distributed Power Systems Analysis, Design and Control for
a Renewable Energy System, Doctoral Dissertation in Industrial Electrical
Engineering, Department of Industrial Electrical Engineering and
Automation, Lund University, Sweden, 2002.

J.P. K. Macken, K. Vanthournout, J. Van den Keybus, G. Deconinck and R.
J.M. Belmans, Distributed Control of Renewable Generation Units With



S. Zerkaoui 53

Integrated Active Filter, IEEE Transactions on power electronics, 19(5),
(September, 2004).

[7] K. Mitchell, M. Nagrial and J. Rizk, Simulation and optimisation of
renewable energy systems, Elsevier, Electrical Power and Energy Systems,
27, (2005), 177-188.

[8] K. Strunz and E. K. Brock, Hybrid Plant of Renewable Stochastic Source and
Multi-Level Storage for Emission-Free Deterministic Power Generation,
Proceedings of the CIGREE / IEEE PES International Symposium of electric
power delivery systems, Montreal, Canada, (October, 2003).

[9] O. Gergaud, Modélisation énergetique et optimisation économique d'un
systeme de production éolien et photovoltaique couplé au réseau et associé a
un accumulateur, These de doctorat de I’lENS Cachan, 2002.

[10] @ Ulleberg, Stand-alone power systems for the future: optimal design,
operation and control of solar-hydrogen energy systems, PhD thesis,
Norwegian University of Science and Technology, Trondheim, December
1998.

[11] K. Agbossou, R. Chahine, J. Hamelin, F. Laurencelle, A. Anouar, J.-M.
St-Arnaud and T.K. Bose, A. Renewable energy systems based on hydrogen
for remote applications, J. Power Sources, 96(1), (2001), 168-172.

[12] K. Agbossou, M. Kolhe, J. Hamelin and T. Kose, Performance of a
stand-alone renewable energy system based on energy storage as hydrogen,
IEEE Trans Energy Convers, 19(3), (2004), 633-640.

[13] V.I. Utkin, Sliding Mode and Their Application in Variable Structure
Systems, MIR Publischer, Moscow, 1974, (english translation 1978).

[14] U. ltkis, Control Systems of Variable Structure, John Wiley & Sons, New
York, 1976.

[15] E. Pepa, Adaptive Control of a Step-Up Full-Bridge DC-DC Converter for
Variable Low Input Voltage Applications, Phd thesis in Electrical



54 On-line Fuzzy sliding mode controller for Hybrid Power System

Engineering of the faculty of the Virginia Polytechnic Institute and State
University.

[16] J.A. Sabate, V. Vlatkovic, R.B. Ridley, F.C. Lee and B.H. Cho, Design
considerations for high-voltage high-power full-bridge zerovoltage-switched
PWM converter, Proceedings IEEE Appl. Power Electron. Conf. Expo,
(March, 1990), 275-284.

[17] S.-J. Jeon and G.-H. Cho, A zero-voltage and zero-current switching full
bridge DC-DC converter with transformer isolation, IEEE Transactions on
Power Electronics, 16(5), (Sep. 2001), 573-580.

[18] R.W. Erickson, DC-DC Power Converters, Department of Electrical and
Computer Engineering University of Colorado Boulder, CO 80309-0425.
Article in Wiley Encyclopedia of Electrical and Electronics Engineering.

[19] P.Z. Lin, C.M. Lin, C.F. Hsu and T.T. Lee, Type-2 fuzzy controller design
using a sliding-mode approach for application to DC-DC converters, IEE
Proceedings Electr. Power Appl., 152(6), (November, 2005).

[20] J. Sun and H. Grotstollen, Symbolic analysis method for average modeling of
switching powers converters, IEEE Transactions on Power Electronics, 12,
(1997).

[21] A.B. Mboup, F. Guerin, P. Ndaye and D. Lefebvre, Multimodel for the
coupling of several DC/DC power converters on a DC bus, ISIE, (2008).

[22] A. Hijazi, Etude de la commande d’un dispositif de stockage d’énergie par
supercondensateurs, Lyon, F-69622, France; université Lyon 1, CNRS,
UMR5005, AMPERE.

[23] K. Song, Sliding mode controller for the single-phase grid-connected
photovoltaic system, Mobile Energy R&D, 104(1), (27 January, 2006).

[24] A.J. Foreyth and S.V. Mollov, Modeling and control of DC-DC converters,
IEEE Power Engineering Journal, 12(5), (1998), 229-236.

[25] S. Zerkaoui, On-line Hierarchical Controller for Hybrid Power System, ISRN
Renewable Energy, (2012), doi:10.5402/2012/148563.



S. Zerkaoui 55

[26] S. Labiod and T.M. Guerra, Adaptive fuzzy control of a class of SISO
nonaffine nonlinear systems, Fuzzy Sets and Systems, 158(10), (2007),
1126-1137.



