Passivity/sliding mode control of a stand-alone
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Abstract: A novel variable structure controller for an electric generation hybrid system is
proposed. The system is intended for variable alternate load and includes a wind turbine,
photovoltaic generation and a battery bank. As a first step for the controller design, a dynamic
model of the system is developed in a rotor reference frame. The control law is designed through
the combination of passivity and sliding mode techniques. The objective is to control the
operation of the wind subsystem to complement the photovoltaic generation, so the power
demand is satisfied. During periods of scarce winds, the strategy is modified and the control

objective becomes maximum wind generation.

1 Introduction

Electric power supply in areas isolated from the main grid
can be provided by means of stand-alone systems based on
renewable energy sources [1-3]. However, the variable and
largely random nature of these sources, requires energy
storage capabilities to ensure continuous load supply. The
dimension of the storage device has an important weight in
the final cost of the system. Integration of wind and
photovoltaic sources, which are generally complementary,
usually reduce the size of the required storage [4, 5].

There exist many different topologies of the electric
generation hybrid system (EGHS). The one under consid-
eration in this paper is presented in the schematic diagram
of Fig. 1. The fixed-pitch wind turbine is directly coupled
to a multipole permanent magnet synchronous generator
(PMSG) which is connected, through a rectifier and a
DC/DC converter, to a DC bus. The PMSG allows gearless
coupling to the turbine, increasing the system robustness
and efficiency [6, 7]. A photovoltaic generation subsystem
is also linked to the DC bus. The bus voltage is imposed by
the battery bank. Finally, a variable alternate load is fed
using a static inverter.

The wind generation subsystem is a variable speed
topology using a turbine without any passive blade pitch-
ing function. This means that the wind generated power
and, consequently, the correspondent power injected to the
DC bus, must be regulated by controlling electronically the
turbine rotational speed.
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The control objective is to regulate the wind power
generation to satisfy the load requirements and to charge
adequately the battery bank. In this paper, it is assumed
that no control action is taken on the photovoltaic array. So,
the power generated by this source is considered in the
control design by including a known variable current
injected by the solar subsystem into the DC bus. The
variability of this current is due to the random nature of
the solar radiation.

A reduced-order nonlinear model of the EGHS is used to
design the controller, which is obtained by passivity and
sliding mode control techniques. One of the most attractive
features of control design based on passivity considera-
tions is that the physical nature of the system is respected,
taking advantage of the internal forces that push the system
toward the sliding manifold. This results in a control law oi
minimum effort. In addition, its association with sliding
mode techniques endows the proposed controller with
robust features. The full order nonlinear model developecd
in Section 4 is adopted for simulation testing to validate thc
proficiency of the control law obtained from the reduced
order model.

2 Wind turbine aerodynamics

The mechanical power captured by a wind turbine it
proportional to the swept area (4), the air density (p), the
cube of the wind speed (v) and the power coefficient (C,)
This coefficient expresses the conversion efficiency of th:
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Fig. 1 Electric generation hybrid system (EGHS)
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Fig. 2 Polynomial approximation of a typical power coefficient for a
horizontal axis turbine

turbine as a function of the tip-speed ratio, which is given
for:

A =rm,/v, )]

where

r blade length
,,: angular shaft speed

-
Fig. 2 shows a typical profile of the power coefficient for a
horizontal axis turbine. It is important to note that maxi-
mum energy capture is achieved by modifying the turbine
shaft speed as the wind speed varies, to maintain 2=4,,.

Thus, the mechanical power generated by a turbine may
be written as [8]:

1
Pi=3 C,(A)pAv’. 2

From eqn. 2, it is easy to obtain the expression of the

driving torque, as

. P .

’ T, =~ =5 C(DpAr’, ®3)
w 2

m

where C,(4)=C,(4)/4 is the torque coefficient of the
turbine.

3 Wind subsystem modelling

In this Section, only the fundamental components of the
electrical variables are considered for the analysis.

3.1 Static analysis

As it is shown in Fig. 1, the turbine is linked to the battery
bank through a diode bridge rectifier and a DC/DC
converter. This configuration presents a pure active power
load to the generator terminals (cos(¢)= 1), whose value
can be modified through the duty cycle (6) of the converter.
A per-phase phasor diagram of the PMSG electrical vari-
ables is presented in Fig. 3. In this picture, £, corresponds
to the EMF in the stator windings, R; is the synchronous
resistance, X, is the synchronous reactance and V and I
are the line voltage and current on the PMSG terminals
respectively. It is important to note that the voltage V is
externally imposed by the DC/DC converter, i.e. it is a
function of 4. '
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Fig. 3  Per-phase circuit and phasor diagram of the PMSG

Neglecting the voltage drop in the synchronous resis-
tance, the electrical load torque produced by the PMSG can
be written as follows [9]:

3PV, V. \?
T — sPm f1 s 4
= Zwd, (we¢m) ‘ )

P number of poles
w, = (P/2)w,,: electrical angular speed
bt flux linked by the stator windings

It is interesting to note that for a given constant voltage in
the PMSG terminals (¥;), there exists a minimum shaft
speed below which the system cannot generate. This lower
limit arises naturally from the analysis of the phasor
diagram depicted in Fig. 3, since it cannot be built for
speeds that induce E; smaller than V. The expression of
the electrical angular speed corresponding to that limit can
be obtained from (4):

we,,,,, = Vs‘/¢m' (5)
Fig. 4 shows, in dashed lines, the turbine torque curves (7,)
in function of the angular shaft speed, parameterised in
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9. 4. Turbine and PMSG torque-shaft speed curves
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terms of the wind speed. The torque curves of the PMSG
(T,) are presented as solid lines. In this case, they are
parameterised in function of V,. The intersection points
between 7, and the horizontal axis correspond to the
theoretical speed limit of generation. Finally, the nominal
power of the PMSG is depicted in dotted line. ,

3.2 Dynamic analysis

The PMSG dynamic model in a rotor reference frame is
given by the following equations [10]:

v£] = _Rsiq —_ LqSiq' - CUELqid + we¢m (6)
Vg = —Rsid — Ldsid + meLdiq (7)

3P . ..
Te = EE(‘bmlq + (Ld - Lq)lqld)’ (8)

with:

L,, L,: stator inductances in the d-q axes
KN Laplace operator.

Using the phasor diagram of Fig. 3, eqns. 6 and 7 may be
expressed in terms of the terminal generator voltage, as:

V.i
—L— = —Rji, — Lsi,— oL, + w9, (9
[+ 15
Vi
S Ry — Lysig + o Lyi,. (10)

Vi +i3
Furthermore, in actual radial flux PMSGs with a smooth
airgap it holds L, =L, =L =L [10, 11], thereforc eqn. 8
reduces to:

3P, .
T, = 7% g (11)

As was previously said the voltage in the PMSG terminals
can be controlled by modifying the duty cycle of the
DC/DC converter. Voltage V; is described by the following
expression:

v,
Ve =—=%=u,,
K 3J§x

where v, is the voltage of the DC bus and u, is a simple
function of the DC/DC converter duty cycle ¢ (in this
particular topology u, =k, /d, with &, the winding ratio of
the transformer included in the DC/DC converter). Thus,
using eqn. 12, eqns. 9 and 10 can be rewritten as:

(12)

. R Vi U,
iqz——fiq—weidered”"— b x (13)
L L s fe i
. . . ViU,
iy = —fzd — o, bd (14)

3V3L 2+

Besides, assuming an ideal static conversion, the output
current of the DC/DC converter can be readily determined
equating its input and output power. This yields:

i
iy =—x 2+ u,. 15
(el 2\/3 q d ( )
Thus, the dynamic model of the wind subsystem is
described by eqns. 11, 13, 14 and 15.
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4 Dynamic model of the EGHS

As can be seen in Fig. 1, all subsystems are linked to the
DC bus. Thus, their concurrent effects can be easily
analysed by considering their currents in the common
DC side. In this way, assuming an ideal voltage inverter,
the load current can be referred to the DC side as an output
variable current i;. On the other hand, the operation of the
photovoltaic panels may be represented by a variable
current injected in the bus, denoted as if. Therefore, the
current across the battery bank can be written as:

lb:m 24 u i —ip, (16)
where i; and i; are easy to measure and, thus, assume to be
known currents.

The lead-acid battery bank may be modelled as a voltage
source £, connected in series with a resistance R, and a
capacitance C, [11]. Based on this simple model and eqn.
16, the DC bus voltage expression results:

n .
vy =E, +v, + <m\/é— 2o, +ip— iL>R,,, (17)

where v, is the voltage in capacitor C,.

Thus, from eqns. 11, 13, 14 and 15, along with the
dynamic equations of the mechanical rotational system and
the battery bank, the whole dynamic model of the EGHS
can be written as

. w, Vi, U
iy = =iy — Oy + eL¢m~ Tl (18a)
3V3LJi2 + i
3 s . TVplqtly
iy =——i3 — Wi, — — (18Db)
L T 3EL R+
. P 3P, .
@, :E(T’ —§5¢m’q) (18¢)

. 1 n
=—|—=/2+ 2 i — i ). 18d
Ve Cb (2«/5 lq+ldux +lf ZL) ( )

where J is the inertia of the rotating system and v, is given
by eqn. 17. Note that in the mechanical rotational
dynamics (eqn. 18c), the friction term is neglected.

5 Control strategy

5.1 Controller design

The primary objective is to control the current injected by
the wind subsystem into the DC bus (i,), to complement
that injected by the photovoltaic subsystem, and to satisfy
the power demand. The demand comprises the external
load and the battery charge requirements, which vary
according to the state of charge of the battery bank. In
this way, during wind regimes of full generation, the
system can meet the load requirements and store energy
to be used in periods of scarce generation.

The control law is designed from a unified theoretical
framework, assembling passivity and sliding mode control
techniques. The use of these techniques is suitable for
configurations employing switched power converters [12],
as the one presently studied, and also has many attractive
properties. For example, the formulation from passivity
results in a control that respects the physical nature of the
system by maintaining the internal forces that push the
system towards the sliding manifold. That is, the control is
only used to cancel the undesirable internal forces that
draw the system apart from the sliding manifold. Thus, a
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minimal effort control law is attained [13], allowing to
reduce the chattering effect characteristic of sliding mode
controlled systems. In addition, the use of sliding mode
control techniques endows the proposed strategy with
robustness.

A reduced-order model is used for the control design.
The full model described by eqn. 18 was reduced under
some practical assumptions. Their validity was confirmed
by adopting the fully nonlinear description of the system
for simulation testing. Besides, it was also established that
the control design based on the reduced-order model does
not introduce significant errors in the cancellation of the
undesirable internal forces. The assumptions used for the
control design were:

(i) Mechanical rotational dynamics are slower than elec-
trical dynamics. This condition verifies in most wind
energy conversion systems.

(ii) Inside the operation area (see Fig. 4), delimited by the
maximum and minimum wind speed and the PMSG
nominal power, the electrical torque admits a linear repre-
sentation. Thus, the PMSG electrical torque can be written

as:
3PP VU
Ty, = Koo = e, ) =25 " (w 33, ) )

5 m

where the coefficient K is obtained by taking the derivative
of the exact electrical torque equation with respect to the
electrical speed, over the limit speed point (w,, ). The
exact expression of the torque can be obtained by equating
eqns. 9 and 10 to zero and substituting in eqn. 11.

(ii)) The terminals voltage of the battery bank can be
considered constant, i.e. v, variations, due to abrupt load
demand or battery recharge, are neglected.

Under these conditions the full order model given in eqn.

18 reduces to:
3PYLw, TP, Vpily
¢t ! . (20
ik, " avar, ) @0

The sliding variable h; can be written in terms of the
system currents:

hy=1

Oyef

Pl
W= 57 (—2- C(D)pAr? —

lo=1b.,+iL—if‘ios 21

where Iy, is the reference charge current of the battery
bank, which varies according with its state of charge. Then,
the sliding manifold, that satisfies the control objective, is
determined by 4, =0.

After routine algebraic manipulations with eqns. 4, 11,
15, 19 and 21, A, can be expressed as:

2
. ' T, O,  TVHU,
R R A AW ( R, _3ﬁR.>

NENE

¢ _ ¢2 ~4L2 (d’m e — nvs“x )z ’
m m R, 3\/§Rs

+ i . (22)

Jp to this point, the control signal of the system is u,.
lowever, injecting a switched control signal through this
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input produces undesirable wide variations in T,. This
results in a high ripple on the current of the DC/DC
converter (i,). To avoid this problem, a dynamic extension
is proposed, including an integrator previous to the input
u,. Then, u, becomes a new state variable and the inte-
grated signal (w) the new input to the system. In this way,
the switched control signal is filtered, reducing the ripple
[14]. In addition, it breaks the algebraic dependence
between the sliding manifold and the input of the system.
Hence, the switching surface turns to be of relative degree
one and verifies the transversality condition in the whole
operation area. Thus, the dynamic model of the extended
system is:

’_.
x= ﬂ = F() + gCx)w
_[_f](x)} [g.(x)]
= + w
1017 L

[P
= |-t | 4 {O]W (23)
0 1

L

where the state vector is x = [w, u,]”.

To design a sliding mode control based on passivity
concepts, the following positive semidefinite energy func-
tion is defined:

1
V) =3 (Y, @4)
Considering this definition, the dynamical model of the

system may be written in the passivity based control
canonical form [15], as:

x=J(x ) +Q( )—+g(x)w (25)

where Q(x) = Q(x)T and J(x) = —J(x)7, and are given by:
J(x) = L, h = )[f g @) — g )] (26)

Ox) = oL, h T )[f g’ () —gf @) @27)

Splitting Q(x) into two matrices according to the sign of its
eigenvalues, that is into a positive semidefinite matrix P(x)
and a negative semidefinite matrix N(x), eqn. 25 becomes:

ok,

x=J (x) + P(x) aa — N(x ) + 2(x)w, (28)

From eqn. 28, it is straighforward to calculate:
V= h)

h oh
[0 G+ e P S+ SN B - S gt

®
29

Analysing factor (F) of eqn. 29, it can be seen that its first
term is identically null since J(x) is an antisymmetric
matrix. Besides, the second and the third terms are
always positive and negative semidefinite, respectively.
Thus, depending on the sign of /,(x), one of these terms
will contribute to lead the system toward the sliding
manifold, while the other will lead the system away from
it. The fourth term represents the energy externally injected
through the control signal w. To force the system to cross
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the sliding manifold and to operate in sliding mode, this
fourth term can be used to cancel the undesirable contribu-
tion of either the second term or the third term of factor
(F). Then, a switched control law arises naturally, as
follows:

wi = Lg;f(x) [gxi;z’(x) ?B”;‘} i (0 2 0
W=
wy = Zg;,—l(x)[’g%’v(x)%] if hy(x) <0.
(30)
That is:
- X
wh = —w
—18L2¢2 w0, + 2n/3L2 ¢,V :
[ﬁ%& PR —36C 1 108—24 1]
(31a)
AW
4
y [ 8L ¢, — 2mV/3 Ly, 1]2'
V3D$, R, + 9¢LR2 — 36C + 108 — 24
(31b)
where

A = n*LVid?

B = nv/3L¢,,w,u,
2

C=L¢,08

D =27¢2R? — 108C + 24B — 44.

5.2 Controller operation during insufficient wind
regimes

It happens that, during insufficient wind regimes, the
maximum energy captured from the wind is not enough
to satisfy the load and battery bank requirements. So, the
system is not able to operate on the sliding manifold
determined by %, and, consequently, it can be stuck in
operating points of no electrical generation. This undesir-
able situation can be illustrated by means of the schematic

m
Msw Om

Fig. 5. Schematic behaviour of the system in the torque-speed plane
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diagram of Fig. 5. It shows the turbine torque characteristic
(parameterised in terms of the wind speeds v, >v,) and the
electrical torque corresponding to the sliding surface h,
(for a given DC/DC output current (i,)). Also, the curve of
maximum wind power generation is depicted (dotted line).
Initially, the system operates at point A, with speed v,
(sufficient wind regime). Then, an abrupt fall of the wind
speed, from v, to v,, is assumed (insufficient wind regime).
The inertia does not permit an instantaneous change in the
rotational speed, so the turbine torque turns to be that of
point B. Due to this reduction, the speed diminishes and 4,
becomes positive. Hence, according to eqn. 30, the control
is the negative signal w*. However, it can be observed that,
even reducing the speed, the increase of the turbine torque
is still insufficient. Therefore, u,, will continuously
decrease, eventually driving the turbine to stall.

Incorporating a second sliding surface, which operates
during insufficient wind regimes, can solve this problem.
The objective is to extract the maximum power available in
the wind, i.e. to operate in the maximum generation points.
Then, the proposed secondary sliding surface is:

h2 = uxref — Uy (3 2)
wi if Ay(x) > 0

w= , wi >0andwy; <0  (33)
wy if Ay(x) <0

The reference u,,,, determines the values of u, that
correspond maximum wind power generation. It is a
function of the wind speed and can be obtained from
eqns. 3 (evaluated for A=14,,) and 19:

334 (TP _2RCQoploArn?
vy, 2r 3P¢2 .

m

uxref =

The application of this second surface drives the system to
operate at point C after the abrupt wind speed fall.

The decision about which sliding surface must operate
can be easily taken. Tt is possibly to obtain the expression”
of the boundary speed (w,,s) between sufficient and
insufficient wind regimes by equating the maximum wind
power with the power demand, resulting:

1) Vi
D5 :i/r—”%—’ (35)

where K = C,(4,,)pAr* |24},
Then

if w, > w,sq Sliding Surface A, :
sufficient wind regimes
Sliding Surface 4, :

insufficient wind regimes

if Wy < Opsy (36)

Finally, it is important to note that in eqn. 33, for simpli-
city, wi and w; have been assumed to be constants.
However, they can also be designed based on passivity
considerations, in a similar manner to wfr and w|", as was
described in Subsection 5.1.

6 Simulation results

Computer simulations were conducted to evaluate the
performance of the proposed controller. The plant was
modelled with the comprehensive full order model detailed
in eqn. 18. The parameter values used for the simulations
are given in the Appendix A.
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The features of the proposed control are examined
through two examples. Example A aims to show the
performance of the control strategy during sufficient
wind regimes, while example B is intended to analyse its
behaviour when insufficient wind regimes occur.

6.1. Example A. Operation during sufficient wind
regimes

In Figs. 6a, 6b, 7a and 7b, the time evolution of the
external variables can be observed. Fig. 6a shows the
wind speed signal (v) varying between 8 m/s and 13 m/s,
with a mean of 10.8m/s. This profile was generated by
adding two signals which characterise the turbulent part of
the wind and its slow variations, respectively. Fig. 6b

0 20 40 60 80 100 1é0 140 160
time, s
a

0 20 40 60 80 100 120 140 160
time, s
b

Fig. 6. Photovoltaic subsystem

a Wind speed
b Current injected in the DC bus by the photovoltaic subsyster iy
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Fig. 7. Generation

a Load current referred to the DC bus side i,
b Power demand and maximum power available for generation (dashed line)
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Fig. 8. System operation

a Power generated by the wind subsystem (solid line) and by the solar
subsystems (dashed line) .
b Sliding variable /i,

IEE Proc.-Control Theory Appl., Vol. 147, No. 6, November 2000

w > O

0 20 40 60 80 100 120 140 160
time, s
a

-20 i L I

[¢] 20 40 60 80 100 120 140 160
time, s
b

Fig. 9. System operation

a Duty cycle function of the DC/DC converter u,
b Control action w
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Fig. 10. System operation

a Wind speed
b Power generated by the wind subsystem and maximum wind power available
for generation (dashed line)
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Fig. 11. System operation

a Sliding variable h,

b Shaft angular speed (solid line) and ,,5,, (dashed line)
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Fig. 12. System operation

a Duty cycle function of the DC/DC converter u, (solid line) and reference
value u,,,, (dashed line)
b Electrical torque (solid line) and turbine torque (dashed line)
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displays the current injected in the DC bus by the photo-
voltaic subsystem (). This sequence was generated simi-
larly to the wind speed, assuming a 1500 W PV array. Fig.
7a depicts the load current referred to the DC bus side (7,).
The steps in this profile take into account abrupt load
connection or disconnection. Fig. 7b shows the power
demand (load + battery) and the maximum power available
for generation (photovoltaic + wind) in dashed line.

In Figs. 8a, 8b, 9a and 9b, the time behaviour of
different variables of the system is depicted. In Fig. 8a,
the power generated by the wind and photovoltaic sub-
systems are displayed. The step-like shape of the wind
generated power is due to the tracking of the Joad demand.
It can be observed that the wind subsystem is complement-
ing the photovoltaic generation. In Fig. 85, the evolution of
the sliding variable 4, is displayed. Finally, in Figs. 9a and
9b, the signal u, and the control signal w are plotted,
respectively. Note the adaptation of the switching control
values wi” and w|”, owing to the design based on passivity
considerations. It is important to remark that such mini-
mum effort switching control law results in a chattering
reduction of the output current of the DC/DC converter.

6.2 Example B. Operation during insufficient
wind regimes

In this example, periods of sufficient and insufficient wind
regimes are alternated. For clarity, the photovoltaic power
was assumed to be zero (i; = 0) and the power demand was
assumed constant (5000 W). A step series of wind speed
(Fig. 10a) was chosen to illustrate this mode of operation.
Speeds of 11 ms and 12 m/s represent the insufficient wind
regimes, while the sufficient wind regimes are represented
by v=14m/s.

Initially, the system is operating in a sufficient wind
regime (v=14m/s) and consequently, it slides over the
surface A, (see Figs. 10b and 11a). At time 105, an abrupt
reduction in the wind speed occurs and the wind becomes
insufficient. For a short period, the wind subsystem can
deliver the demanded power, by making use of the energy
stored in its inertia. Obviously, this is at the expense of a
rotational speed reduction. If this situation continued, then
the turbine would stall. However, shortly after 11.1s, the
rotational speed crosses the boundary speed w,;, (Fig.
115) and the secondary sliding control (given by eqns. 32
and 33) takes charge. Then, after a reaching time, the
secondary sliding surface (/,) is attained (see in Fig. 12a,
when u, reaches u,,,,), and maximum power is extracted
from the wind (see Fig. 10b). The reaching time depends
on the tuning of the switching control values w3 and wj .
In this cxample, they were selected wj =0.03 and
wj = —0.03, considering for the design, the trade-off
between the length of reaching time and the size of the
battery current peaks. Finally, in Fig. 125, the time evolu-
tion of the electrical torque and the turbine torque are
displayed.

7 Conclusions

A dynamic model of a stand-alone hybrid generation
system was developed. The system comprises a wind-
driven permanent magnet synchronous generator, photo-
voltaic array and a battery bank. A reduced-order nonlinear
model was used for control design based on passivity and
sliding mode control techniques. Such combination
resulted in a minimum effort control law with robust
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features. An additional advantage of the minimum effort
nature of the control is the chattering reduction of the
DC/DC converter output current.

To cope with insufficient wind regimes, a secondary
sliding surface was incorporated. Its objective was to
extract the maximum power available in the wind. This
was achieved by using a variable reference for the control
input of the DC/DC converter. The activation of this
secondary sliding surface was readily determined from
speed and current measurements.

The proficiency of the proposed controller was assessed
through computer simulations, by controlling satisfactorily
a comprehensive full-order model of the plant.
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P: 28
R, 0.3676 Q
Ly, Ly 3.55mH

- 0.2867 Wb

: 7.856 Kg m?
r: 1.84 m
Ry 14 mQ
Cy: 180000 F
Ey: 48V
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