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Micro hydro is treated as a major renewable energy resource. Such a kind of plants blooms because they can
evade some dilemmas like population displacement and environmental problems. But their performance on the
frequency index of power systems may be deteriorated in the presence of sudden small load perturbations and
parameter uncertainties. To improve the performance, the problem of load frequency control (LFC) raises up.
Design of state-based controllers on the aspect of modern control is challenging because only a part of the system
states are measurable. This paper addresses the scheme of sliding mode control by model order reduction for the
LFC problem of micro hydro power plants. The kind of plants usually has two operating modes, i.e., isolated mode
and grid-connected mode. Under each operating mode, mathematical model and model reduction are investigated at
first. According to the reduced-order model, a sliding mode control law is subsequently derived. Since the control
law is applied to the original system, a sufficient condition about the system stability is proven in light of small gain
theory. Simulation results illustrate the feasibility, validity and robustness of the presented scheme.
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Upravljanje frekvencijom i radnom snagom mikro hidroelektrana kliznim rezimom rada i redukcijom
reda modela sustava. Mikro hidroelektrane smatraju se jednim od glavnih obnovljivih izvora energije. Ovakve
elektrane su poglavito zanimljive posto izbjegavaju dileme vezane za iseljavanje ljudi i utjecaj na okolis. Medutim,
njihov ucinak na indeks frekvencije energetskih sustava mozZe biti negativan zbog naglih manjih promijena u
opterecenju i nesigurnosti parametara. Kako bi se unaprijedila ucinkovitost, javlja se problem regulacije frekven-
cije i radne snage. Projektiranje regulatora po varijablama stanja sustava izazovan je problem, jer je mjerljiv samo
dio stanja sustava. Ovaj ¢lanak analizira problem upravljanja kliznim reZimom rada reducirajuéi red modela sus-
tava kod regulacije frekvencije i radne snage mikro hidroelektrana. Ovakve elektrane mogu raditi u samostalnom
rezimu rada ili biti spojene na distribucijsku mreZu. Za oba raZima rada prvo se istraZuju matematicki modeli te
potom njihova redukcija. S obzirom na model reduciranog reda izvodi se upravljacki zakon kliznog reZima rada.
Posto se zakon upravljanja primjenjuje na izvorni sustav, dokazan je dovoljan uvjet za stabilnost u vidu teorije
malog pojacanja. Simulacijski rezutati pokazuju izvedivost, ispravnost i robustnost predloZenog pristupa.

Kljucne rijeci: upravljanje frekvencijom i radnom snagom, mikro hidroelektrane, redukcija reda modela sustava,
upravljanje u kliznog reZimu rada

1 INTRODUCTION fed by micro hydro power plants require continuous sup-
ply of power with good quality. One of the quality indexes
is power system frequency. The frequency deviation is in-
evitable because of an imbalance between generation and
load. To maintain the frequency index within permissible
limits, a control mechanism entitled load frequency control

(LFC) raises up [2,3].

Micro hydro power is clean, reliable and very efficient
in producing electrical energy. Such a kind of renewable
energy plays an important role in electrification of rural
areas. Usually, micro hydro power plants are more cost-
effective and more environment-benign than large hydro
power plants, because they can evade some dilemmas like

population displacement and environmental problems. Op-
eration of micro hydro power plants is flexible and is de-
ployed in different environments. Usually, there are two
operating modes in these plants, i.e., isolated mode and
grid-connected mode [1]. Under either mode, consumers
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The LFC problem of micro hydro power plants can be
illustrated as a typical disturbance rejection [4]. But its
control tasks are subject to variation under different oper-
ating modes. The LFC task under the isolated mode is to
control the generating electric power in response to the fre-
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quency changes within permissible limits. The LFC task
under the grid-connected mode is not only to maintain the
steady frequency but also to control the net power inter-
changes in tie line to specified values [5]. Thus, whatever
the operating mode is, controller design plays a vital role
for the LFC problem of micro hydro power plants [6].

With the property of micro hydro power plants around
the world, a variety of control methods for the LFC prob-
lem has been reported in the literature, such as fuzzy multi-
model control [7], hybrid intelligent control [8], multi-
ple flow control [9], neural-network-based integral con-
trol [10], adaptive control [11, 12], to name but a few. A
review [13] investigated recent philosophies about opera-
tion and control for distribution network connected with
small/micro hydro power plants.

Among these presented control methods, sliding mode
control (SMC) is attractive due to its invariance prop-
erty [14—16]. Recently, there has been an increasing in-
terest in applying the control technology [17, 18]. Zargari
et al [19] designed a fuzzy sliding-mode governor to solve
the frequency control problem of an isolated small hy-
dropower system. In [20,21], two kinds of sliding-mode
governors were investigated for hydropower plants. Other
reports can be found in [22-24]. Usually, one assumption
in most of the referred articles is that all the state variables
of hydro power systems are measurable. In practice, only a
part of states are measurable so that it is desired to have the
minimum number of state variables for the LFC controller
design of micro hydro power systems.

This paper focuses on the topic and addresses the
scheme of the model-reduction-based SMC for the LFC
problem of micro hydro power plants. Since micro hydro
power plants have both isolated and grid-connected oper-
ating modes, dynamics model of each component under
the two modes is described at first. Under each operating
mode, the method of model order reduction is employed
to simplify the system by analyzing the models. A SMC-
based controller is designed according to the reduced-order
LFC system model. To guarantee the controller can sta-
bilize the original LFC system, a sufficient condition is
drawn from small gain theorem. Simulation results illus-
trate the feasibility, validity and robustness of the presented
control approach.

2 SYSTEM DYNAMICS

Modelling the LFC problem of micro hydropower
plants depends on operating modes. Whatever the oper-
ating mode is, some basic components are included, i.e.,
turbine & its feeding penstock, valve & its servomotor,
generator & power system. Block diagrams under the two
operating mode are illustrated in Fig. 1, where Fig. 1(a)
indicates the isolated mode and Fig. 1(b) means the grid-
connected mode with the assumption of infinite bus.
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In Fig. 1, the LFC control task under the grid-connected
mode is with a relatively difficulty because one more com-
ponent, tie line, complements. The task is met by mea-
suring an error signal, called area control error (ACE),
which represents the power imbalance between generation
and load. Transfer functions of these components can be
drawn from small signal analysis because the control prob-
lem under consideration is in the presence of relatively
small changes. The component models are presented in [8]
and [25].

1) Turbine & penstock: The approximate transfer func-
tion of the turbine and penstock component for the analy-
ses in [8] is given as

_ APg(s)  —Tys+1
B AX(s) B %s—kl

Gi(s) (D

here T,, (s) is nominal starting time of water in pen-
stock, s is Laplace transform complex variable operator,
A Pg (per unit) is incremental power (torque) output of tur-
bine, AX (per unit) is incremental power input to the tur-
bine (valve position). Note that water flow in the penstock
is subject to the phenomenon of water hammer, which re-
sult in a non-minimum phase system (1). Further, the
water-hammer effect means an initial tendency exists for
the torque changes in an opposite direction to the water-
flow changes.

2) Valve & servomotor: Usually, a DC servomotor with
closed-loop armature control is employed to regulate the
water flow rate in the penstock. The flow of water is regu-
lated by controlling the valve position. The transfer func-
tion of the mechanical and electrical component in [8] is
displayed as

1 1

G ==
v(s) Tes+1T,,s+1

2)
here T, (s) is mechanical time constant, T, (s) is electrical
time constant. In addition, unity gain is applied as a feed-
back to depict the closed-loop armature control of this DC

servomotor. At last, the transfer function of this compo-
nent is given as

AX(S) _ Gv(s)
AP.(s) — 5AF(s) 1+ Gy(s)

3)

here R (Hz/p.u.kW) is a constant of steady state speed reg-
ulation, A X (per unit) is gate position deviation, AF' (Hz)
is frequency deviation, AP, (per unit kW) is incremental
speed changer position.

3) Generator & power system: According to the load-
frequency characteristic, a load damping term is employed
to describe the swing equation of a synchronous generator

AUTOMATIKA 56(2015) 3, 318-330



LFC for Micro hydro power plants by sliding mode and order reduction

D. W. Qian, et al

\ 4
AF
AX X
Servo & Turbine & >
Controller > Generator >
Governor Penstock
(a) Isolated mode
\ 4
AX
Servo & [Turbine &| A > AF
> Generator >
Governor Penstock
Frequency
Deviatiom
+v
APy, 27T,
Tie-line § =
Infinite Bus | AF,=0

(b) Grid-connected mode

Fig. 1. Block diagrams under the two operatating modes

[25]. By taking Laplace transform for the equation, the
generator dynamics is able to be gotten as

AF(s) K
G = = p 4
r(s) APg(s) —APL(s) Tps+1 @
here APy, (per unit kW) is step function load disturbance,
K, is generator gain constant, defined by K, = % =

1/ %1;# , T'p (s) is generator time constant, defined by 7,, =
J?O—HD, where H is inertia constant of synchronous genera-
tor, ¥ (Hz) is nominal system frequency.

4) Tie line: A transmission line that joins two power
systems together is entitled as tie line. Obviously, there is
no tie line under the isolated mode. The incremental power
change in the tie line [25] is depicted as

APy (t) = 21T, / AF(t)dt (5)

here T (p.u.kW/rad) is synchronizing power coefficient of
tie line , APy, (per unit kW) is the power flow in the
tie line from the generator to the grid system. By taking
Laplace transfer, the above equation can be transformed as

_ APye(s)  2nT,
Grie(s) = AF(s) s

(6)
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5) ACE: under the grid-connected mode, not only
should the frequency of each control area return to its nom-
inal value, but also the net power interchange through the
tie line should return to the scheduled values. To achieve
the composite goal, ACE in (7) is defined by a linear com-
bination of power interchange and frequency deviations.

AACE = BAF + AP, 7

here (8 (p.u.kW/Hz) is the frequency bias factor of this area.

3 CONTROL DESIGN & STABILITY ANALYSIS
3.1 Model Analysis and Order Reduction

With the development of sensor and measuring tech-
nology, many methods have been proposed to obtain in-
ternal information from an industrial process. This ex-
tends the ability of control design. Most of the men-
tioned state-based LFC controllers of micro hydro power
plants [1,2,6-13, 19] usually have an assumption that all
the system states are measurable. The assumption is too
strict to be achieved in practice. In Fig. 1, it can be found
that the following three independent state variables, i.e.,
APg, AX and AF, are directly measurable and available
for the LFC controller design. Compared with the system
models in Section 2, the one-order dynamics (1) can be de-
picted by the state variable APg and (4) can be described
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by AF. But (3) is a two-order dynamics with only one
measurable and independent state variable AX. In a word,
order of the valve and servo component should be reduced
because the number of its measurable state variable is less
than its system order.

The dynamic equation in (2) consists of two terms.
Note that the electrical time constant 7, is usually 10 times
smaller than the mechanical time constant 7,,,. According
to the method of model order reduction [26], (2) can be
simplified by

1
(Te+Tm)s+1

Compared with (2), (8) is a one-order dynamic equa-
tion and the measurable and independent state variable
AX can depict it. It is necessary to check the accuracy
of the simplified model (8) in frequency domain. Provided
T. = 0.01 s and T;,, = 0.001 s (given in [8]), comparison
of the frequency response curves is shown in Fig. 2, where
the blue solid line means the original system and the green
solid line means the simplified one.

Fig. 2 shows the two plots are almost the same as each
other at low frequencies. This case means the simplified
system is able to depict the dynamics of the original one if
the system is at low frequencies. Fortunately, the condition
is usually satisfied because the load disturbance APy, is
always step signal so that the simplified system is accurate

enough to be adopted for control design for rejecting the
coten load dictnrhance A Py

Gsv(s) = ®)

Magnitude (dB)

Phase (deg)
b
2
1‘

-1351

—180L i - =
10 10 10 10 10 10
Frequency (rad/sec)

Fig. 2. Frequency response curves

3.2 Isolated Mode

The block diagram in Fig. 3 shows an isolated power
system fed by micro hydropower plants. Fig. 3 illustrates
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blue lines are measurable state variables for the control de-
sign. According to the control task under the isolated op-
erating mode, the frequency deviation AF’ is the exclusive
state variable to be regulated. To eliminate the frequency
deviation, the integral of AF with a known gain K¢ is
defined as an additional state z° ;; [27,28].

o aalt) = K / T AR ©)

With the additional state, the state expression to depict
the reduced-order system drawn from the block diagram
Fig. 3 able to be written as

X = A;Xi + Biu + Fyd;(t) (10)
Yi = (Ci X;

here x; = [AF(t),APg(t), AX(t), 2! ,,(t)]" is state
vector, d;(t) is disturbance signal, u;(t) = AP, is con-
trol input. State matrix A;, input vector B;, output vector
C; and disturbance vector F; are shown in Appendix.

To design the reduced-order sliding mode LFC con-
troller, the sliding surface variable S; should be defined
at first.

S; =cl'x; (11)

here c; is constant and it is with the same dimension as
x;. According to the SMC methodology, a SMC law con-
sists of equivalent control law and switching control law
[14-16]. The equivalent control law ensures the system
trajectory stays on the surface after reaching the sliding
mode. The switching control law is usually designed as a
sign function related to the sliding surface variable and it
can guarantee the control system is of asymptotical stabi-
lization. Thus, the control law u; is defined as

Ui = Ujeq + Uisw (12)

Here w;s,, is the switching control and w;., is the equiva-
lent control law. The expressions of 14, and u;e, Will be
deduced below.

When the system states keep sliding on the surface
(11), only the equivalent control u;., works [14]. Differ-
entiating .S; with respect to time ¢ yields

Si = CZTX1 = C?(Aixi + Biuieq) =0 (13)
Substituting the nominal system of (10) into (13) yields
uieq = —(C?Bi)ilchiXi (14)

To guarantee the control law (12) makes the sliding-surface
variable S; asymptotically stable, a Lyapunov function is
selected as

Vi(t) = %S? (15)

AUTOMATIKA 56(2015) 3, 318-330
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Fig. 3. Block diagram with an additional state under the isolated mode.

Differentiating V; with respect to time ¢ and substituting
(10)—(12) and (14) into it obtain

dvi
dt

= Sicl [Aix; + Bi(Uieq + Uisw) + Fidi(1)]
= S’L [C?1 (AZX7 —+ Eiuieq) —+ C?Biuisw + CZTFZdZ (t)]
= Sile] Biisw + ] Fid; ()]

(16)
Let ¢!/ Biujsw = —£:S; — nisgn(S;) where k; and 7; are
positive constants, 17; >|| ¢/ F;d;(t) || and sgn(-) is sign
function. Then, the switching control law u;s,, is obtained

as
Ui = _(C?Bi)_l[ﬁisi +nisgn(Si)]

Finally, the SMC law under the isolated mode can be got-
ten as

a7

u; = —(cI'By) 7 el Ayx; 4 KiS; + misgn(S;)]  (18)

Note that u; in (18) is deduced from the system dy-
namics in the form of reduced order. But (18) will be ap-
plied to the original dynamics without order reduction in
the following simulations. Consequently, it is necessary to
analyze whether the SMC controller based on the reduced-
order dynamics is able to stabilize the original system or
not. In [26], Saxena and Hote employed a reduced-order
model and presented an internal model controller for the
LFC of power systems. But they did not investigate such a
theoretical analysis.

Theorem 1 If (19) is satisfied, then the control law (18) is

able to stabilize the original system. O
1

Aol === lloc + | Gsv(9) ||loo 19

I8 1s) gy e 1 Gsv(@) e 09

where Go(s) = Gy(s)Gp(s)(KE + L),

S
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Proof: Define A = Gy(s) — Gsy(s) as error
between Gy (s) and Ggy (s), then the block diagram in
Fig. 4(a) under the isolated mode is able to be drawn from
Fig. 3. The block in Fig. 4(a) can be simplified by block
diagram algebra. The process is illustrated in Fig. 4(b),

where § = #(S) and G(s) = —Ggv(s)[Go(s) + 1].

From the design process, the sliding-mode LFC con-
troller can asymptotically stabilize the reduced order sys-
tem so that 151&5()3) is of input-output stability with respect
to the input €1 and the output €2 in Fig. 4(b). Consequently,
(20) can be obtained in the frequency domain.

Eg = W(S)€1 (20)
g1 = (5(8)52
G(s)

where W (s) = T=G(sy- Note that the last diagram in
Fig. 4(b) is just the general framework for robust stabil-
ity analysis of interconnected systems [29]. On account of
small gain theorem [29], a sufficient condition for stabiliz-
ing the original system in Fig. 3 is obtained as

16(s) - W(s) l[o< 1 21
. G s)Go(s)+G 1
e, || A [|oo<|| Sovlifoldtlaval
From (21), we have || A [|oo<|| Gsv (s)+ grpayr lloo-
In light of the Cauchy-Schwarz inequality, the sufficient
condition (19) can be drawn. [ |

3.3 Grid-connected Mode

The block diagram in Fig. 5 illustrates a power sys-
tem (control area) connected to an infinite bus. Shown in
Fig. 5, the power system under the grid-connected mode
is not only fed by micro hydro power plants, but also is
supported by other sources via the tie line. Fig. 5 also il-
lustrates blue lines depict measurable state variables for the
control design.

In Fig. 5, the bus is infinite so that its frequency F5 is
kept as a constant. The deviation of Fy, AF5, is set as
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(a) Block diagram of the simplified system with error under the isolated mode.
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(b) Simplification of Fig. 4(a) by block diagram algebra.
Fig. 4. Stability analysis under the isolated mode
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27T
S _%)
Infinite Bus ' AF_=0

Fig. 5. Block diagram with an additional state under the grid-connected mode.

zero because the considered LFC problem is in presence
of relatively small changes. The control object under the
mode contains two parts. One is to eliminate the frequency
deviation in the control area. The other is to keep the net
power from the tie line zeroth. To simultaneously achieve
the two parts, the ACE measure in (7) is introduced. To re-
alize the zeroth ACE, the integral of AACFE with a known
gain K¢, is defined as an additional state [30].

8 a(t) = Kf;/ AACE dt (22)

0

The model reduction process is similar to the design

under the isolated mode. Dynamics of the reduced-order
system can be described as

Xe = Acxe + Beue + Fod (1)

23
Ye = szc )
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here x, = [AF(t), APg(t), AX(t), APy (t), 26 4,(t)]"
is defined as state vector, d.(t) = APy, is disturbance sig-
nal and u, = AP, is control input. State matrix A, input
vector B, output vector C,. and disturbance vector F, are
shown in Appendix.

Define the sliding surface S, = cCTxC where c.. is con-
stant and it is with the same dimension as x.. By adopting
the equivalent control plus switching control method, the
control law can be derived as

U, = f(cZIB%C)*l[cZACXC + KkeSe + nesgn(Se)]  (24)

where sgn(-) is sign function, k. and 7). are positive con-
stants, and 7. >|| ¢ F.d.(t) ||o. The process of control
design is also similar to the design under the isolated mode.
Similarly, it is necessary to analyze whether the SMC con-
troller based on the reduced-order dynamics is able to sta-
bilize the original system or not.

AUTOMATIKA 56(2015) 3, 318-330
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(a) Block diagram of the simplified system with error under the grid-

connected mode.

A Py, |27ﬂ"v »
=

S

[ G(s) e

I r2(S I‘
(c) Mergence of all the branches in Fig. 6(b) by block diagram algebra.

Fig. 6. Simplification of the block diagram by block dia-
gram algebra under the grid-connected mode.

Theorem 2 If (25) is satisfied, then the control law (24) is
able to stabilize the original system. O

1
G1 (S)Gg (S)Gt (S) +1

sGp(s)
s+2nTsGp(s)

A fleo<l lloo + I Gsv (s) lloc

(25)
where G1(s) = and Ga(s) = % +

e

Proof: Define A = Gy (s) — Ggy(s) as error be-
tween Gy (s) and Gsy (s), then the block diagram in Fig.
6(a) under the grid-connected mode is able to be drawn
from Fig. 5.

The block in Fig. 6(a) can be simplified by block dia-

gram algebra. Define § = %, Gi(s) = Mf%%,
Ga(s) =

2K 4 PR 4 1 and Ga(s) = —Gsv(s)[1+
G1(8)Ga(s )Gt( )], the the s1mp11ﬁcat10n process is illus-
trated in Fig. 6(b), 6(c), and Fig. 7.

From the design process, the sliding-mode LFC con-
troller can asymptotically stabilize the reduced order sys-
tem under the grid-connected mode so that 1?328()5) is of
input-output stability with respect to the input £3 and the
output €4 in Fig. 7. Finally, (26) can be obtained in the

AUTOMATIKA 56(2015) 3, 318-330

frequency domain.

_Gs(s)
64( ) 1 _ G3(8) ( ) (26)

e3(s) = d(s)ea(s)

Note that the last diagram in Fig. 7 is just the general
framework for robust stability analysis of interconnected
systems [29]. On account of small gain theorem [29], a
sufficient condition for stabilizing the original system in
Fig. 5 can be obtained as

Gg(s)

| 6(s) - T=Ga(s) o<1 27

<|l Gsv(5)Gi1(s)G2(s)Gi(s)+Gsv (s)+1 I
= G1(5)G2(5)Gi(s)+1 o=

[ A llso<[l Gsv(s) + —GI(S)GQ(i)Gt(S)H loo can be
derived from (27). Finally, (25) can be obtained according
to the Cauchy-Schwarz inequality. ]

Remark: The two sliding mode controllers (18) and
(24) are designed on the reduced-order models (10) and
(23), respectively. Consequently, the sliding modes only
exist in the reduced-order models, rather than the original
models. In other words, here the SMC methodology is just
employed as a design tool and there is no guaranteed slid-
ing modes in the control systems for the original models.
However, the controllers based on the reduced order mod-
els cannot theoretically guarantee the system stabilities for
the original systems. To attack the issue, Theorems 1 and
2 investigate this field and archive the inequalities between
the reduced-order error and the systems stabilities.

4 SIMULATIONS

In this section, typical parameters of a micro hydro
power system are considered in the following simulations.
The data in [8] are taken as benchmarks. Total rated capac-
ity of the generation unit is 50 kW, normal operating load is
25 kW, regulation coefficient R is 10 Hz/pu-kW. Provided
that load-frequency dependency is linear, nominal load is
48% of the rated load and A P,.=3%. The nominal starting
time of water in penstock 7Ty, is 4 s. The generator parame-
ters are determined as K,=50 Hz/pu-kW and T}, =64.64 s.
The governor & servo coefficients are kept as 7, = 0.01 s
and 7;,, = 0.001 s.

4.1 Isolated Mode

Under the isolated mode, the micro hydro unit serves
as an exclusive source to feed the area. No other source
is able to be adopted to regulate the frequency in the area.
The frequency in the isolated area is an exclusive objec-
tive to be regulated. The sliding surface parameters in (10)
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Fig. 7. Stability analysis under the grid-connected mode.

are selected as c¢; = [9.0 2.0 6.0 0.1]7 according to Ack-
ermann’s formula. Gain of the additional state is 0.002.
Other controller parameters in (18) are picked up as x; = 1
and 7; = 0.01. The load disturbance APy, = 3% is applied
to the system at ¢ = 0.

As shown in Fig. 8, the blue plots are the results by a
PID controller tuned by internal model control (IMC) [26]
and [31]. The output of this PID controller is determined
by uprp(s)=(K}MC + g + sKIMP)AF (s), the pa-
rameters of which are K;MC= 0.056, KM= 0.002 and
K éM ©=0.0001. Compared with the results by the IMC-
PID controller, the frequency-deviation curve by the de-
signed sliding mode LFC controller has smaller overshoot-
ing and shorter settling time. The curves by the designed
controller have larger overshooting on the aspects of APy
and AX, but these cases indicate that the designed con-
troller can open the valve and increase the turbine output
the moment that the load disturbance A Py, injects the sys-
tem, rather than the IMC-PID control system with a slow
response. Thus, the designed controller has better perfor-
mance in the presence of load disturbances.

4.2 Grid-connected Mode

Under the grid-connected mode, the control area is not
only fed by the micro hydro power unit, but also is sup-
ported by the source from an infinite bus by tie line. Thus,
the control object under this mode contains two parts. One
is to eliminate the frequency deviation in the control area.
The other is to keep the net power from the tie line ze-
roth. To realize the composite object, we introduce the
ACE measure. In this subsection, parameter of the ACE
variable [3 is 0.2083 p.u.kW/Hz [25], synchronizing power
coefficient of the tie line T is 0.0866 s [25], gain of the
additional state is picked up as 0.002. The sliding surface
parameters of the SMC controller in (24) are selected as
c. = 108-[0.0001 0.0007 0.0014 0.0001 2.4337]7 accord-
ing to Ackermann’s formula. Other controller parameters
in (24) are picked up as k. = 0.1 and 0. = 0.1. The load
disturbance A Py, is applied to the system at ¢ = 0.

In Fig. 9, the blue plots are the results by an IMC-PID
controller. The output of the PID controller is determined

by uprp(s)=(KMC + g + sKIMOYAACE(s), the
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parameters of which are selected as K©=0.66, KM=
0.06 and K 1M€=0.001. Ilustrated in Fig. 9, both the IMC-
PID controller and the SMC controller can eliminate the
frequency deviation and the area control error, simultane-
ity keep the net power of the time line zeroth. Both of them
are able to realize the control object of the grid-connected
mode. From the plot of AF, the designed controller, com-
pared with the IMC-PID controller, is with faster response
to the load disturbance APy, although it is indeed with a
larger overshooting. On the other hand, the plot by the
IMC-PID controller is damped oscillation with 5 times,
while the design controller can stabilize the system fre-
quency with only once oscillation.

Compared with the curves of AF and APy, the fre-
quency deviation in the control area is very quickly elimi-
nated in 10 s, but it takes about 40 s to eliminate the power
deviation in tie line, A Py;.. This indicates the frequency in
the control area under the grid-connected mode is with the
better performance because the area is also fed by the infi-
nite bus from the tie line, but it takes more time for the en-
tire interconnected electric power system to eliminate the
power deviation in the tie line for keeping a zeroth A Py;e.

Moreover, compared with Figs. 8 and 9, it is obvi-
ous the dynamic process of the frequency deviation AF
in Fig. 9 has a smaller settling time under the same load
disturbance APy, = 3%. The reason of the phenomena is
explained as follow. Under the isolated mode, the con-
trol area is only fed by the exclusive micro hydro power
plant and the system frequency is regulated by the LFC
controller. A long settling time is necessary for the sys-
tem to increase the power output APy for resisting the
load disturbance APj. Under the grid-connected mode,
the control area is simultaneously fed by the plant and the
tie line. When there is a load disturbance, the tie line can
support the control area to resist the disturbance by absorb-
ing power from the infinite bus, meanwhile, the plant also
increases its power output to feed on the control area. This
process makes the settling time under the grid-connected
mode much smaller. This is also a benefit we can earn
from interconnected power systems.
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Fig. 8. Comparison of the simulation results under the isolated mode. a. Frequency deviation AF ; b. Power-output
deviation APg; c. Valve-position deviation AX ; d. Additional state x° ;.

4.3 Robustness Test

The simulation results in Figs. 8 and 9 are conducted
for the nominal isolated and grid-connected system dy-
namics. No matter what operating mode the micro hydro
plant is under, the exact values of the system parameters
actually belong to a certain interval owning to the uncer-
tainties of load in the control area and water head of the
micro hydro power plant. To test the robustness of the pre-
sented method, we assume the variation is not beyond 20%
so that the following parameter variation is taken into ac-
counts, K, € [40, 60], T), € [51.71,77.57] and T}, € [3.2,
4.8]. Under any mode, the controller for the robustness test
remains the same as the one tuned for the nominal power
system dynamics. The same step load disturbance of mag-
nitude 3% is applied at ¢ = O for the two extreme cases.

The responses for the isolated and grid-connected
modes are shown in Figs. 10 and 11, respectively. Al-
though the control system under any mode always keeps
stable in the two figures, the system performance is actu-
ally different. Under the isolated mode, the control system
is sensitive for the parameter variation above the nominal
system, but the aviation below the nominal will lead to a
better performance. Under the grid-connected mode, the
control system is not very sensitive for the parameter vari-
ation and the control performance tends to keep the same.
It is clear that LFC controller and operating mode are re-
lated to the control system performance. The reason that
we consider the 20% variation is that the system dynamics
in Section 2 is gotten by small signal analysis. The 20%
parameter variation is big enough to cover the range of the
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small signal analysis. More variation is beyond the paper’s
scope because it may change the system dynamics.

5 CONCLUSIONS

This paper has addressed the scheme of reduced-order
sliding mode control for LFC of micro hydro power plants.
The LFC model of a micro hydropower plant usually in-
clude the following components, i.e., turbine & its feed-
ing penstock, valve & its servomotor, generator & power
system, and tie line. The plant usually has two operat-
ing modes, i.e., isolated mode and grid-connected mode.
Under each mode, the mathematic model of each compo-
nent is built up in the form of transfer function at first, and
then they are interconnected with each other to formulate
a block diagram of the LFC problem.

The designed controller is a model-based state feed-
back controller, but the number of measurable states in
the block diagram is less than the system order. To attack
the issue, the method of order reduction is employed. The
controller under each operating mode is deduced from the
order-reduced LFC model. To guarantee the controller can
stabilize the original LFC model, a sufficient condition is
proven in light of small gain theory. In practice, the pre-
sented control scheme is applied to a micro hydro power
plant under the two modes. The robustness of the control
scheme is also discussed. The simulation results show that
the reduced-order SMC approach is with the better perfor-
mance than the IMC-PID control approach.
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