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Abstract: This paper proposes a control approach and supplementary controllers for the operation
of a hybrid stand-alone system composed of a wind generation unit and a conventional generation
unit based on synchronous generator (CGU). The proposed controllers allow the islanded or isolated
operation of small power systems with predominance of wind generation. As an advantage and
a paradigm shift, the DC-link voltage of the wind unit is controlled by means of a conventional
synchronous generator connected to the AC grid of the system. Two supplementary controllers, added
to a diesel generator (DIG) and to a DC dump load (DL), are proposed to control the DC-link voltage.
The wind generation unit operates in V-f control mode and the DIG operates in PQ control mode,
which allows the stand-alone system to operate either in wind-diesel (WD) mode or in wind-only
(WO) mode. The strong influence of the wind turbine speed variations in the DC-link voltage is
mitigated by a low-pass filter added to the speed control loop of the wind turbine. The proposed
control approach does not require the use battery bank and ultra-capacitor to control the DC-link
voltage in wind generation units based on fully rated converter.

Keywords: power system dynamics and control; wind generation; stand-alone hybrid systems;
islanded systems; isolated systems; distributed generation

1. Introduction

The increasing use of distributed generation units based on traditional and renewable energy
sources has contributed to the dissemination of microgrids and stand-alone power systems.
A microgrid may be defined as a group of multiple distributed generation units and loads that
operate as a single controllable entity, connected to the main grid or isolated from the main grid [1].
The islanded operation of microgrids and distributed generation units may bring many benefits to
distribution utilities and customers, however, this operation mode requires sophisticated control
approaches and special equipment to provide an effective control of the system frequency and voltage
magnitude [2—4]. In islanded and isolated microgrids with low penetration level of wind generation,
the system frequency is usually controlled by generation units based on conventional synchronous
generator [5,6]. However, the increase in the penetration level of wind generation based on fully
rated converter naturally reduces the system equivalent inertia, which may deteriorate the dynamic
performance of the system frequency [7-9].

In [10], operational and control strategies are proposed for a stand-alone wind-diesel system with
wind generation based on doubly-fed induction generator (DFIG), where the system frequency is
controlled by the speed control loop of the DFIG. A multimode control strategy for a DFIG wind-power
unit, which enables the operation in islanded mode as well as in grid-connected mode, is proposed
in [11]. In [10,11], the system frequency is controlled by the speed control loop of the DFIG. In [12],
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the synchronous machine of a diesel unit controls the frequency of a microgrid with conventional
and electronically interfaced distributed resources. Different from [10-12], for example, the approach
herein proposed is focused on a wind generation unit with fully rated converter operating in V-f
control mode.

In stand-alone systems composed only by wind generation units, the grid-side converter of
the wind units usually controls the system frequency [13]. However, the stand-alone operation
of wind units commonly requires the use of DC devices, such as battery bank and ultra-capacitor
associated with DC-DC converter, to control the DC-link voltage [13-16]. In [17], for example, the
DC-link voltage of an inverter-based distributed generation is controlled by an ultra-capacitor bank.
However, nowadays, the use of battery bank and ultra-capacitor may result in additional high costs
related to infrastructure and maintenance of the system.

In this context, as a novelty and a paradigm shift, this paper proposes a control strategy and a
supplementary controller capable of controlling the DC-link voltage in renewable generation based
on fully rated converter by means of conventional synchronous generator connected to the AC
grid of the system. The analyses carried out have shown that conventional synchronous generators,
which are common in most stand-alone systems and microgrids, may be controlled to provide power
balance for stand-alone systems with predominance of wind generation, eliminating the need for
battery bank or ultra-capacitor in the DC-link. In the herein proposed control strategy, the wind
generation unit operates in V-f control mode and the diesel generator (DIG) operates in PQ control
mode with a supplementary control loop that supports the stable operation of the wind generation unit.
Although the evaluation of the proposed control approach has been performed taking into account a
diesel generator, the proposed control strategy and controllers are general enough to be applied to
other types of conventional generation units, such as generation units based on biogas, biomass, or
other fossil fuels.

The proposed control allows the islanded operation or isolated operation of wind-diesel systems
with predominance of wind generation. In both operating modes, wind-diesel (WD) and wind-only
(WO) modes, the grid-side converter of the wind unit controls the frequency and voltage magnitude of
the stand-alone system. Load variations usually lead to significant frequency variations in microgrids
with synchronous generators operating in V-f control mode. In contrast, load variations result in
significant variations only in the DC-link voltage in the case of microgrids where a wind unit based on
fully rated converter operates in V-f control mode [14,18]. In order to overcome this problem inherent
to the DC-link, supplementary control loops added to a diesel generator and to a DC dump load
(DL) are proposed to regulate the DC-link voltage of the wind generation unit, allowing the proper
operation of the stand-alone system with predominance of wind generation. In the wind-diesel mode,
the DIG operates in PQ control mode.

The relatively high inertia moment of wind turbines is a drawback for the stand-alone operation
of wind units based on fully rated converter, since the speed variations of the wind turbine strongly
affect the DC-link voltage [18]. In the de-loaded operation of a wind generation unit, the changes in
the wind turbine speed are frequently required in order to match the turbine mechanical power to the
system load demand. The use of a low-pass filter in the speed control loop of the wind unit is also
proposed to mitigate the strong effect of the wind turbine speed variations on the DC-link voltage.

The proposition of a control approach capable of controlling the DC-link voltage in renewable
generation based on fully rated converter, using conventional synchronous generator, is one of the
major contributions of this work. The mitigation of the strong effect of the wind turbine speed
variations on the DC-link voltage is also a contribution of this work. The proposed control approach
prevents the system from significant frequency variations, due to the operation of the WGU in the V-f
control mode and eliminates the need for battery bank or ultra-capacitor to control the DC-link voltage
in systems with predominance of renewable generation based on fully rated converter.

This paper is structured as follows. Section 2 reviews the main concepts about the stand-alone
operation of wind generation units. Section 3 presents the modeling of the adopted stand-alone system.
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The operational and control approaches for the stand-alone operation of the hybrid system are addressed
in Section 4. The obtained results and conclusions are presented in Sections 5 and 6, respectively.

2. Wind Generation in Stand-Alone Systems

The studies carried out in this work take into account a wind unit based on electrically excited
synchronous generator with fully rated converter, whose topology and typical control loops are
illustrated in Figure 1. Variable speed wind turbines commonly operate in load-following mode
(de-loaded operation) under stand-alone operation and in maximum power point tracking (MPPT)
mode when connected to the main grid [18]. In load-following mode, the output power of the wind
unit varies according to system load demand, since the grid-side converter operates in V-f mode in
order to control the frequency and voltage magnitude of the system.

Turbine SG Rectifier DC-link Inverter Grid
T [Prur Pgen I:)DC_in PDC_out Pgrid
— — — —

>,

Figure 1. Autonomous wind unit operating in load-following mode with its typical control loops.

In the stand-alone operation of wind units, the frequency control is not a challenge, since the
grid-side converter of the wind unit, which operates in V-f control mode, has a very fast dynamic
response, resulting in negligible frequency deviations. In operational approaches where the wind
generation operates in V-f mode, the greatest challenge is the proper control of the DC-link voltage
and wind turbine speed [14,17,18]. The DC-link voltage variations are related mainly to the balance
between the electric power extracted from the generator and power required by the load connected to
the grid-side converter. This power balance is usually performed by battery systems and ultra-capacitor
systems connected to the DC-link [13,15,17,18]. The proper control of this power balance is essential to
avoid system shutdown due to the action of the protection systems during typical variations of load
and wind speed. The voltage variations in the DC-link depends on the power balance described by:

CpcVpe dV _ — —
% dltx = (Ppc_in — Ppc_out) = Ppc (1)

where Cpc is the DC-link capacitance, Vpc is the DC-link voltage, Ppc ;, is the input power of the
DC-link, Ppc oy is the output power of the DC-link, Ppc is the power flow in the DC-link capacitor,
wy, is the base angular speed in rad/s. The variables and parameters with an upper bar are expressed
in a per unit system (p.u.).

Accelerating Power in Wind Turbines

In load-following mode, considering the wind turbine operating in the underspeed zone [18], the
wind turbine speed is usually controlled by the indirect control of the active power extracted from
generator of the wind unit. The imbalance between the wind turbine mechanical power and electric
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power extracted from the generator results in accelerating power, which causes variation in the wind
turbine speed [16]. The speed variations of the wind turbine depend on the power balance given by:

2wawdd% = ptur - Pgen = Paccel (2)
where Hy, is the inertia constant of the wind turbine and generator in p.u.s, Wy, is the wind turbine
speed, Py, is the turbine mechanical power, P, is the accelerating power of the rotational system.
The active power extracted from the generator of the wind unit is given by Pgen =T, _genWy, Where
T, _gen 1S the electromagnetic torque of the generator, which is analogous to the torque presented in (6).
Figure 2 illustrates the accelerating power and energy required to speed up a wind turbine. Due to the
larger operational range, the wind turbine is operated in the underspeed zone [18].

In order to maintain the power balance in the wind unit after load variations in a stand-alone
system, the control system changes the mechanical power extracted from the wind turbine.
A mechanical power deviation in the wind unit requires a speed deviation in the wind turbine.
Due to the relatively high inertia moment (J ) of the wind turbine, the speed deviations of the wind
turbine result in large variation of the turbine kinetic energy (AEy;, = 0.5Jwy? — 0.5]w;2, where w,
and w; are the initial and final speeds of the wind turbine, respectively). As illustrated in Figure 2, the
wind turbine acceleration may result in high variations of the active power extracted from the generator
(Fgen), causing severe power imbalance in the DC-link [13,18]. The faster the turbine accelerates, the
greater is the required accelerating power. In order to overcome this drawback, this work proposes
the use of a low-pass filter to mitigate the strong impact of the wind turbine speed variations on the
DC-link voltage.

Pur(t)

Pgen (t)

Paccel (t)

Turbine Power (p.u.)

Y

il Time (s) %

Figure 2. Variation in the wind turbine mechanical power as function of the accelerating energy
and power.

The stable and continuous operation of the wind unit strongly depends on the capability of the
controllers to ensure the power balances shown in (1) and (2). In order to ensure the power balance
described in (1), this work proposes control loops added to a conventional synchronous generator and
to a DC dump load in the wind unit. The suitable control of the wind turbine speed is performed by a
control loop based on a low-pass filter.

3. System Modeling

This section describes the system model adopted in the assessment of the proposed control
approach. Due to length limitations, the system model is concisely described. The overall topology of
the stand-alone system adopted in this work is shown in Figure 3. The stand-alone system consists of a
wind unit based on an electrically excited synchronous generator with a fully rated converter, an LCL
filter for the grid-side converter of the wind unit, a synchronous generator driven by a diesel engine,
a DL controlled by a buck converter and electric loads.
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In Figure 3, uq and ug represent the control signals from the IEEE ST1-Type excitation system
of the synchronous generators associated with the wind and diesel units; u» and u3 are the control
signals added to the generator-side converter and grid-side converter, respectively; ug and us are the
control signals from the proposed control loops to be presented in Section 4. The signals u4 and us are
generated from the error of the DC-link voltage of the wind unit by the proposed controllers.

Load

Figure 3. Components and control signals of the stand-alone system.

The electrical dynamics of the synchronous generator of the wind and diesel units, neglecting the
effect of the damper windings, are represented by the classical third order model described by [19]:

d?d — = - 7 Z d d;f — (..Ub
dts — (—I’slds + quqsw + (,Ulbﬁ — O4s fd (3)
TZS = <—rslqs — Lgigs@ + Lypgifw — qu> z—: (4)
di _ = Lygdig, wp
a— <_rflf+wb it +Uf de (5)

where Ty, Uys, Uy, i4s, qu and ff are the voltages and currents of the stator and field windings, 7s and
7¢ are the resistances of the stator and field windings, @ is the generator speed, Ly, Ly and L4 are
the inductances of stator and field windings, L,,; is the mutual inductance [19]. The electromagnetic
torque of the synchronous generator may be expressed as [19]:

Te = Zmdgf;qs - (fd - zq);ds;qs (6)

The first order model presented in (2) describes the angular speed of the wind turbine and
synchronous generator of the wind unit. The model corresponding to the mechanical dynamics of the
diesel unit is given by [20]:

deIG 1 — —
- ~P 7
dt 2Hpic®pic eD) @)
dé _ .
T (@prg — Dn)wy, 8
dp,, 1 —
W-a(”S—Pm) )

In (7)-(9), @pjc is the angular speed of the synchronous generator of the diesel unit, P,, is the
mechanical power supplied by the diesel engine, P,p is active power of the synchronous generator



Energies 2018, 11,411 60of 17

(Pop = TE_D 1D DG, Where Te_D 1G is analogous to (6), 0 is the rotor angle of the synchronous generator,
W, is the speed of the rotating reference frame, Hp¢ is the inertia constant of the diesel unit in pu.s
and T, is the time constant of the diesel engine.

A proportional-integral (PI) controller and a proportional () controller are employed in the
voltage regulator of the wind generator and in the reactive power regulator of the diesel unit,
respectively. In both synchronous generators, the excitation system is represented by a first order
model (IEEE ST1-Type excitation system).

The schematic diagram of the controllers employed in the converters of the wind unit, together
with the single-line diagram of the LCL filter [21], is presented in Figure 4.

Sinchronous Generator Load side

Generator side Converter LCL Filter
Converter L L
Voc vidq,,._ R L Vodq R L bdg
L3 Ll po— T =
@ '-‘,-' G—T— G i g c i bodg
T f
vlagc &g * 1 Vo
abc Vas | hoy Ty Voug
dg Vidg [["Current |liaaret[ Voltage | Vodarer
T _0 v@ Controller |~ Control ler
isref =0 v dgsw 'Y = * B
_ Ly{ Current " 8 T
iqsref—P Controller Virtual PLL|4—

Figure 4. Schematic diagram of the controllers of the two converters.

The controllers of the load-side converter and generator-side converter are standard PI
controllers [21,22], whose block diagrams are shown in Figure 5.

Vodref :1p.U.

Signal u,

Signal us

@) (b)

Figure 5. Control loops of the converters: (a) Controllers of the load-side converter; (b) Controllers of

the generator-side converter.

In Figure 5, iz, ¢ and fiqre r are the current references for the current controllers; Tyg.f = 1 p.u.
and Tygrer = 0 p.u. are the voltage references at the capacitor of the LCL filter; K1, Kp3, Kj1 and Kj3 are
the proportional and integral gains of the voltage controllers; K}, Kp4, Ki» and Kj4 are the proportional
and integral gains of the current controllers; K5, Kpe, Ki5 and Kjg are the proportional and integral
gains of the current controllers; 7,*, U4s*, U;; and Eg‘q are the voltage references for the generator-side
and grid-side converters, respectively. The variables with subscript w correspond to the variables of
the wind unit generator, as described in the synchronous generator model. In the employed model,
the switching dynamics of the converter switches is neglected, in this way Vj,s* = V4,5 and v g = Vidg
(signals u; and u3 presented in Figure 3). In Figures 4 and 5, i,  is set to zero and fqm  is determined
by the speed control loop of the wind unit presented in Section 4.2.

The LCL filter, inherent to the wind unit, is represented by a six-order model [21]. The buck
converter of the DL, showed in Figure 3, is represented by a second-order model [23]. The system load
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is constant impedance type represented by a static model. The complete nonlinear model of the system
is represented by 31 state variables.

4. Control Approach and Supplementary Control Loops

In stand-alone systems with small synchronous generators operating in V-f control mode, the
active power variations in the system generally cause significant variations in the system frequency
due to the low inertia moment of the conventional synchronous generators. These large frequency
deviations may affect the power quality indices and lead to the system shutdown due to the action
of the protection system. In addition, analyses of the rate of change of frequency (ROCOF) of the
diesel generator and rate of change of voltage (ROCOV) of the DC-link of the wind unit have strongly
indicated that the system shutdown is more likely to occur in the operational scenario corresponding
to the diesel generator operating in V-f control mode. The system shutdown may occur due to large
frequency deviations caused by typical and atypical load variations. These analyses are presented
in Section 5. Based on the aforementioned analyses and on the fact that the generation unit with the
highest nominal power is usually chosen to operate in V-f control mode [9,11], the wind unit is selected
to operate in V-f control mode in the control approach proposed in this paper.

4.1. Operational and Control Approaches

The proposed operational and control approaches allow the stand-alone system to operate in
wind-diesel (WD) mode and wind-only (WO) mode, without the use of battery bank or ultra-capacitor
bank in the DC-link. The characteristics of each operating mode and the operational conditions which
determine the transition between the operating modes are discussed in this subsection. The selection
of the operating mode of the stand-alone system basically depends on four aspects: maximum power
point (Pppp) of the wind turbine, loading conditions of the system (P,,;y), initialization power of the
DL (Ppro) and minimum initialization power of the DL (Ppy,_in)-

In WO mode, where the power corresponding to the maximum power point of the wind
turbine (Pppp) is able to supply the system loads and the minimum initialization power of the
DL (Pmpp 2 Pgrig + Ppr_min), the wind unit operates below the maximum power point (MPP) and only
the DL controls the DC-link voltage. In order to allow the proper compensation of the typical variations
of wind speed and load, the DL may be initialized with one of the two predefined values of starting
power (Ppro or Ppr_yin). The choice of the DL starting power is defined according to the generation
capacity of the wind unit and system loading condition. If Ppipp > Pgig + Ppro, then Ppp = Pppg and if
Perig + Ppro > Pppp > Pgrig + Ppr_min, then the DL starting power is equal to Ppy iy (PpL = Ppr_min)-
The values for the initial power of the DL (Pprp and Ppy_,,) may be chosen based on typical values of
the system load variations and on the nominal power of the DL.

In cases where the wind unit is unable to supply the system loads and the DL (Pppp < Pgrig + Ppr,_min),
the operational algorithm selects the WD operating mode, which results in the start-up and
synchronization of the diesel generator. In the WD mode, the DL initial value is set to zero (Ppy, = 0) in
order to reduce the fuel consumption in the diesel unit. In this condition, the DL is capable of mitigating
only positive voltage variations in the DC-link by temporally increasing the DL power. Therefore,
in WD mode, the Vpc control loop added to the diesel generator is activated only if Vpc < Vpc_ref,
otherwise it is turned off and the control loop of the DL is activated to control the DC-link voltage.
Figure 6 shows the flowchart of the proposed operational approach, considering the coordination
between the two proposed control loops and two operating modes. In Figure 6, the binary scalar g
coordinates the activation of the proposed control loops. If ¢ = 0, the control loop added to the DL
is activated, otherwise the control loop added to the diesel generator is activated. Additional details
regarding the proposed control loops are presented in Section 4.3.

In order to avoid excessive number of transitions between the two operating modes of the
stand-alone system and, consequently, excessive number of start-ups of the diesel unit, a control
function similar to a hysteresis function is employed in the proposed control strategy. This hysteresis
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function is implicitly included in the operational approach described in Figure 6 and depends mainly
on the surplus generation capacity of the wind unit (Pgrpius = Pmpp — Pgrig) and on two predefined
thresholds, Pprp and Ppy,i,. The system commutates from the WO mode to the WD mode if and
only if, (Pmpp — Pgria) < Ppr_min and it returns to the WO mode from the WD mode if and only if,
(Pmpp — Pgrig) > Ppry (i-e., if the surplus generation capacity of the wind unit is lower than Ppy_y,
the diesel unit is activated; If this surplus generation capacity is higher than Ppy, the diesel unit is
deactivated. The difference between the thresholds Pprg and Ppr_yin (APpackiash = Ppro — Ppr_min)
results in a control action similar to a hysteresis function, where APg, 455, is similar to a backlash zone.
The size of the backlash zone (i.e., magnitude of APp,y,s;) may be properly determined based on
typical magnitudes of load variations, nominal power of the DL and nominal power of the wind unit,
since the variations in the output power of the wind unit affect the system power balance. The larger
the backlash zone, the lower the number of start-ups of the diesel generator.

Vwind

No
Pupp=(Pgria+PbLo)
Prmpp=>(PgriatPoL_min
=
DIG Turn Off DIG Starts
(S=0) (5=1)
:‘: Poic=Ppbico
PoL=PbLo I
Mode = WO mode
Yes
< Voc>Voce ref
WO mode No
Yes
g=0 [o=0] [o=1]

I
(VDCZVDCJef)
DC-link Voltage
Control

Figure 6. Flowchart of the proposed operational approach.

As previously mentioned, the transition from the WO mode to the WD mode results in the start-up
and synchronization of the diesel unit. The start-up and synchronization process of small diesel units
usually takes few seconds. A clutch system, inserted between the diesel engine and synchronous
generator, may be employed as an alternative procedure to avoid multiple synchronizations of the
synchronous generator.

4.2. Control Loop of the Wind Turbine Speed

As established in Section 2, fast variations in the wind turbine speed usually result in large
deviations of the DC-link voltage [13,18], which may lead to the shutdown of the wind unit during
typical variations of wind speed and load. In this context, based on a first order low-pass filter, this
work proposes a simple approach to reduce the rate of change of the wind turbine speed, preventing
the occurrence of large power imbalances in the DC-link. The filter is added to the speed reference
signal of the speed controller of the wind turbine. The speed control loop of the wind turbine, including
the low-pass filter, is shown in Figure 7, where Kj,; and Kj, are the gains of the proportional-integral
controller, respectively and Tj is the filter time constant.
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Figure 7. Speed controller of the wind unit with the filter proposed to reduce the rate of change of the
wind turbine speed.

4.3. Proposed Control Loops

The control loop added to the DL is activated in both operating modes: (1) In the WO mode,
where the DC-link voltage is controlled only by DL; (2) In the WD mode, where Pp; = 0 and the control
loop added to the DL acts only in positive variations of the DC-link voltage. In WD mode, the control
of the DC-link voltage is carried out by the DIG in cases of negative voltage deviations. The DIG is
able to control the DC-link voltage by means of the active power injected into the stand-alone system.
It is noteworthy that the exclusive control action of the diesel unit is capable of regulating the DC-link
voltage, however, the DL is employed in the WD mode only to minimize the number of control actions
of the diesel unit.

Figure 8 shows the control loops proposed to regulate the DC-link voltage and the coordination
scheme which defines the coordinated action of the proposed controllers. In Figure 8, K4, K4, Kjg and
Ki, are the gains of the PI controllers. The constants K; and K; are employed to set an appropriated
control signal for the initial operating point of the DL and DIG (i.e., Pprg or Ppy,_in and Ppjgp). In the
WO mode, if g = 0, the Vpc control loop added to the diesel unit is kept switched off and Vpc¢ is
controlled only by the DL. In the WD mode, if Vpc < Vpc_f, then ¢ =1, which implies that Vpc is
controlled by the diesel unit. In this last mode, if Vpc > Vpc_rf, then ¢ = 0, which implies that V¢ is
controlled by the DL. The function h(mode, Vpc ., Vpc) illustrated in Figure 8, which determines the
coordinated action of the two control loops, requires the use of a hysteresis function with a backlash
zone to prevent undesirable transitions between the two proposed control loops.
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Figure 8. Diagram of the control loops added to the DIG and DL for the DC-link voltage regulation.

4.4. Control Formulation for the Design of the Proposed Controllers

The design of the proposed controllers is carried out based on a control formulation structured
in the form of linear matrix inequality (LMI) [24]. The controller design process considers two
performance indices: the energy of the DC-link voltage signal and the minimum damping ratio for
all poles of system linear model. A novel approach to minimize the upper limit for the energy of the
output signal of the system, based on an iterative process, is proposed as an extension of the control
formulations proposed in [25,26].
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The design of the proposed controllers is based on the linear models of the open loop system
and controllers. The state-space model employed to represent the open loop system is described by
x(t) = Ax(t) + Bu(t), y(t) = Cx(t) [24]. The PI controller, in state space form, is represented in this
work by xc(f) = Acxc(t) + Bey(t), u(t) = Cexc(t) + Dcy(t), with A. = [0], B = [1], C; = [K;], and
D, = [K,], where K, is the proportional gain and K; is the integral gain of the controller. The linear
model of the closed loop system, composed by the models of the system and controller, is described by:

A +BD.C BC.
B.C A,

X(t) = AX(t) =

"(”) ],yu) — (1) (10)

xc (¢

The energy of the output signal of the closed loop system, for a given initial condition x(0),
is defined as:

e= [T 0yt a1

The energy ¢, employed in this work as performance index, provides information about the decay
of the system output. System outputs with increasing amplitude (which correspond to an unstable
system) result in an increasing value of . According to (11), it is possible to conclude that well damped
responses result in small values of . The controller design approach is formulated as a minimization
of an upper bound for ¢ (i.e., minimization of €,,,4) [26]. The deviation of the voltage at the DC-link
is employed in this work as the output signal of the closed loop system (¥(¢)) and the input signal of
the open loop system is the output of the proposed controllers added to the DIG and DL (u()).

The minimum value for the damping ratio of the eigenvalues corresponding to the response
modes of the closed-loop system, usually employed as small-signal stability margin [25], is considered
as a second performance index in the controller design. Considering that A;, fori =1, - -, n, are the
eigenvalues of the state matrix A, which describe all the response modes of the system, the damping
ratio of the i-th response mode (A; = 0; + jw;) can be defined as (; = —0;//0? + w?. The damping
ratio is usually specified by means of the regional pole placement in design methodologies in the form
of LMIs [24,25].

The control formulation for the design of the proposed controllers, taking into account the
performance indices previously discussed, is structured in the form of matrix inequalities as follows:

P=P -0 (12)
ATP+PA+CIC=<yI (13)
X" (0)PX(0) < €pound (14)

sin@(ATP+PA) cos0(ATP —PA)

L _ 7 <1 (15)
cos8(ATP—PA)" sin0(ATP + PA)

Kiﬁmin <C < Kiﬁmax (16)

K, nin < De < Kp_par (17)

where K| i, and K; ;. represent, respectively, the minimum and maximum values for the integral
gains, K, i, and Kp max represent, respectively, the minimum and maximum values for the
proportional gains. The upper bound on the maximum output energy of the closed loop system
is given by €4,,4, and the lower bound on the damping ratio of the system eigenvalues is given by
Cmin = c0s(0) [24]. The fundamentals corresponding to the control formulation presented in (12)—(17)
can be detailed found in [24-26].

The matrix inequalities (13) and (15), on the variables A(C,,D.)and P, present nonlinear terms.
This type of matrix inequality is known as bilinear matrix inequality (BMI). Control problems in
the form of BMIs usually cannot be directly solved by means of conventional LMI solvers [24,25].
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However, it is possible to apply a procedure that transforms the search for a solution of the BMIs
into an iterative search for solutions of LMIs. A method known as V-K iterations, where V stands for
the Lyapunov function and K for the controller [25], is adopted in this work to solve the BMIs. It is
based on the fact that choosing a fixed value for either A(C., D) or P transforms (13) and (15) into
LMIs. Therefore, the problem can be solved by an iterative algorithm. The control problem consists in
minimizing y with respect to A(C, D) and P, subject to (12)~(17). A detailed description of the V-K
algorithm can be found in [25].

As a novel approach, the upper bound for the energy of the output signal is minimized by means
of a secondary iterative process. In order to minimize the energy of the output signal, the proposed
algorithm reduces the initial upper bound for the energy (epounq o) by means of a reduction factor
(€poun d_j = Ebound_j—1" k;) in an iterative process. If the maximum number of iterations (jax) is reached
or if the V-K algorithm does not converge, the general algorithm is finalized. The controller design
procedure proposed in this paper is presented in Algorithm 1.

Algorithm 1: Procedure proposed to design the system controllers.

Step 1: Initialize the algorithm with P = PT = 0, K; ,uin, Ki maxs Ky _mins Kp_max, Epound 0, jmax and j = 0;
Step 2: Solve the V-K algorithm (i.e., solve the matrix inequalities (12)-(17)) [25];

Step 3: Set j = j + 1 and if j = jyuax, g0 to Step 5;

Step 4: If a feasible solution was found in Step 2, return to Step 2 setting €pound_j = €pound_j—1 - kr; Otherwise,
proceed to Step 5;

Step 5: Set K;_fina = Kif{j—l}er_final = Kp,{j—l}' E€min = €pound_j—1 and stop the algorithm. The controller
gains and the minimum energy of the output signal are given by [K,,_ Finals Ki_final, Emin-

The reduction factor (k,) and the initial upper bound for the energy of the output signal (€ ;.4 o)
may be empirically defined according to the system characteristics. However, the choice of a reduction
factor too close to 1 may imply excessive number of iterations in the algorithm, resulting in an intensive
computational effort required to minimize the energy of the output signal.

5. Assessment of the Proposed Control Approach

The control approach proposed for the stand-alone system with predominance of wind generation
was evaluated by means of nonlinear time-domain analyses, considering the system subjected to wind
speed and load variations. The system model, composed of a set of ordinary differential equations,
was implemented in a programming code using Matlab® software. The solution of the nonlinear
differential equations was determined using the ODE23S solver available in Matlab®. The design of
the proposed controllers was accomplished by the solution of the control formulation presented in
(12)—~(17), using the mincx solver available in Matlab® LMI Control Toolbox. The linear model of the
system, employed in the design of the proposed controllers, was generated from the nonlinear model
by means of a linearization method based on the Taylor series.

Figure 9 shows the diagrams of the stand-alone system with the proposed control loops and
filter added to the speed control loop of the wind turbine. The stand-alone system considered in the
evaluation of the proposed controllers is composed of a wind unit rated at 1.5 MVA, a diesel generator
rated at 500 kVA and a dump load rated at 500 kVA. It is worth mentioning that the proposed control
approach and control loops are general enough to be applied to systems with larger conventional
generation units based on fossil fuels, biogas, or biomass, for example.

The frequency reference signal added to the grid-side converter of the wind unit is constant and
equal to 60 Hz (1 p.u.) in all scenarios where the wind generation unit operates in the V-f mode.
However, other frequency reference signals based on other frequency control approaches, such as
droop control and virtual synchronous generator [27], may be employed in the wind generation unit
without the need to modify the main control approach and controllers proposed in this work.
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Figure 9. Diagrams of the test system: (a) Single line diagram of the stand-alone system; (b) System
components with the proposed control loops.

5.1. Impact of the Operating Mode of the System on the Frequency Deviations

The impact of the operating mode of the stand-alone system on the frequency deviations is
evaluated in this subsection. The frequency of the stand-alone system operating with two different
operational strategies, wind unit operating in V-f control mode and diesel unit operating in V-f control
mode, is presented in Figure 10. In this analysis, the stand-alone system is subjected to a load increase
equal to 100 kW at t =1 s. It can be seen in Figure 10, in the scenario corresponding to the synchronous
generator operating in V-f mode, that the load variation has resulted in a significant variation in
the system frequency due to the low inertia moment of the synchronous generator, as discussed
in Section 4.

An analysis of the rate of change of frequency and rate of change of voltage of the DC-link
(ROCOF and ROCOV, respectively) was also performed to determine the operational approach for the
stand-alone system. Table 1 shows a comparison between the initial ROCOEF, given by (7) and ROCOV,
given by (1), for a load variation equal to 100 kW.

£
o
- 1 S T
> P
(S} -
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3 i
30.99 EH
i : Wind Unit Operating in V-f Mode
g FJETIIEEEED Diesel Unit Operating in V-f Mode
» 098 = 1
>
) . . .
0 5 10 15 20
Time (s)

Figure 10. Frequency of the stand-alone system for two different operational approaches.

Table 1. ROCOF and ROCOV of the system.

ROCOF (p.u./s) (Diesel Unit Operating in V-f Mode) ROCOV (p.u./s) (Wind Unit Operating in V-f Mode)
—0.200 —0.275

Although the ROCOF is smaller than the ROCOV, the acceptable range for the frequency variations
is much smaller than the acceptable range for the DC-link voltage variations. The minimum acceptable
frequency for the stand-alone system, according to the considered technical standards [28,29], is 0.95 p.u.
The proper operation of the grid-side converter of the wind unit requires a DC-link voltage higher than
0.49 p.u. (537.4 Vpc) [18]. This analysis and the results presented in Figure 10 strongly indicate that
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the system shutdown, due to the action of the protection system, is less likely to occur in the scenario
where the wind unit operates in V-f control mode.

It is worth mentioning that in the control approach proposed in this paper the diesel unit does not
operate in the V-f mode and, consequently, there is no isochronous frequency controller in the diesel
unit, since the wind unit controls the system frequency. The isochronous frequency controller was
added to the diesel engine only in the assessment presented in this section in order to emphasize the
large frequency deviations typical from stand-alone systems with small synchronous generators.

5.2. Assessment of the Control Approach Proposed for the Wind-Diesel Mode

The proposed supplementary control loop added to the diesel generator, in order to control
the DC-link voltage in the wind unit, is assessed in this subsection. The gains designed for the
supplementary controller added to the diesel unit, considering the energy minimization of the output
signal, are Kpe = 1.16 and K, = 1.36.

In this evaluation, the system loads are 1.35 MW and 0.21 MVAr, the wind unit operates with
power of 1.2 MW and wind speed of 11.25 m/s. The diesel generator operates with an initial power
(Ppico) equal to 150 kW. Initially, the system is subjected to a load increase equal to 100 kW and, in the
sequence, the wind unit is subjected to a wind speed decrease equal to 0.6 m/s. As aforementioned, the
wind unit operates in V-f mode, controlling the frequency and voltage magnitude of the stand-alone
system. The time-domain response of the DC-link voltage, wind turbine speed, active power extracted
from the generator of the wind unit (GWU), mechanical power of the wind turbine and active power
of diesel generator (DIG) are shown in Figure 11.

The impact of the load variation and wind turbine deceleration on the DC-link voltage is strongly
mitigated by the action of the control loop added to the diesel generator. The maximum deviation of
the DC-link voltage observed in the system was equal to 31 V. The load increase and the variation in
the power generated by the wind unit, as shown in Figure 11b, are picked up by the diesel generator
due to the action of the proposed supplementary controller. It is important to remark that the DC-link
voltage would drop to zero without the action of the controller added to the diesel generator, resulting
in the system shutdown.
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Figure 11. System dynamics for the scenario corresponding to the wind-diesel mode: (a) DC-link
voltage and wind turbine speed; (b) Power in different components of the system.

In this scenario, the wind turbine operates at the maximum power point in order to minimize the
fuel consumption of the diesel generator, therefore, the load increase at t = 1 s is picked up only by
the diesel generator, maintaining the wind turbine speed constant. The decrease in the wind speed,
at t = 8 s, reduces the maximum power point and the optimal speed of the wind turbine, reducing
the active power supplied by the wind unit. The deceleration of the wind turbine is caused by the
action of the speed controller shown in Figure 7. In this case, the deceleration of the wind turbine has
resulted in a Vpc drop, because the output of the low-pass filter presented in Figure 7 decreases more
slowly than the decrease in the wind turbine speed.
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5.3. Assessment of the Control Approach Proposed for the Wind-Only Mode

The effectiveness and performance of the control loop added to the DL in order to control the
DC-link voltage are evaluated in this subsection. The impact of the low-pass filter on the wind turbine
speed and on the DC-link voltage is also assessed. The filter reduces the rate of change of the wind
turbine speed and, as consequence, reduces the magnitude of the DC-link voltage deviations. The gains
designed for the controller added to the DL, considering the energy minimization of the output signal,
are K,; = 20.56 and Kj; = 129.06.

In this operational scenario, the system loads are 1.07 MW and 0.21 MVAr, the wind unit operates
with power of 1.22 MW and wind speed of 11.5 m/s. The DL operates with an initial power (Ppr,) equal
to 150 kW. Att =1 s, the system is subjected to a load increase equal to 100 kW. In the sequence, att =26,
the system is subjected to a wind speed increase equal to 0.5 m/s, which causes the deceleration of the
wind turbine in order to maintain the generated power equal to the load demand. Figure 12a shows
the nonlinear time-domain response of the DC-link voltage and wind turbine speed considering the
system with and without the proposed low-pass filter. The nonlinear time-domain response of the DL
power, active power extracted from the generator of the wind unit (GWU) and mechanical power of
the wind turbine, considering the proposed low-pass filter, is presented in Figure 12b.
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& " T8 513 Z
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Figure 12. System dynamics for the scenario corresponding to the wind-only mode: (a) DC-link voltage
and wind turbine speed; (b) Power in different components of the system.

Att =1s, as shown in Figure 12a, the load increase and the wind turbine acceleration result
in a Vpc drop, due to the power imbalance in the DC-link. This power imbalance is mitigated by
the control loop added to the DL. Due to the use of the low-pass filter in the speed control loop, the
DL was able to significantly mitigate the power imbalance caused by the wind turbine acceleration.
By neglecting the low-pass filter, as shown in Figure 12a, the high rate of change of the wind turbine
speed causes a high rate of change in the DC-link voltage, making the DL unable to properly regulate
Vpc. In this case, due to the higher rate of change of the wind turbine speed, the DC-link voltage
violates its inferior limit (Vpc i, = 537.4 V), which leads to system shutdown. Comparing the two
scenarios presented in Figure 12a, it possible to see that the filter included in the speed control loop of
the wind turbine has a significant impact on the DC-link voltage, maintaining the system stability. It is
noteworthy that the greater the filter time constant, the greater the settling time of the wind turbine
speed. Therefore, there must be a compromise between the DC-link voltage dynamic performance and
the performance of the wind turbine speed. A filter time constant equal to 5 s was chosen based on
the mechanical time constant of wind turbine. The mechanical time constant is defined, based on the
inertia constant of the wind turbine, as T,,.;, = 2Hy, where T,,.¢, is the time required to accelerate the
turbine from standstill to rated speed, taking into account the nominal torque [30].

At t =26 s, as shown in Figure 12b, the wind speed increase results in an increase of the wind
turbine mechanical power. In order to reduce the mechanical power to the previous value, the wind
turbine speed is reduced, resulting in a small increase of Vpc.
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6. Conclusions

This paper proposed a control approach and supplementary controllers that ensure the stable and
reliable operation of a stand-alone system with predominance of wind generation. In the proposed
control approach, the wind generation unit of the stand-alone system operates in V-f control mode
and the distributed synchronous generator operates in PQ control mode. The proposed control loop
added to the distributed synchronous generator was effective in the control of the DC-link voltage of
the wind unit, which eliminates the need for battery bank or ultra-capacitor. The two control loops
have ensured a suitable dynamic performance for the stand-alone system subjected to wind speed and
load variations. The analyses have shown that the use of a low-pass filter in the speed control loop of
the wind turbine is fundamental to prevent system shutdown, due to undervoltage and overvoltage in
the DC-link caused by speed changes in the wind turbine.

The typical low inertia of the distributed synchronous generator, which is a disadvantage for
the operation of the diesel unit in the V-f control mode, becomes an advantage for the control of the
DC-link voltage. The methodology employed in the design of the proposed controllers has shown to
be suitable and effective for the considered control problem.

The extension of the proposed control approach for stand-alone systems with multiple wind
generation units operating simultaneously will be one of the future directions of this research.
The proposition of load shedding approaches, associated with a pitch angle control approach, so
that the system can withstand larger variations in the wind speed and load, will also be addressed in
future works.
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Appendix Data and Parameters of the Stand-Alone System

Synchronous machine of the wind unit: Poles = 60, fute w = 7.5 Hz, Sae w = 1.5 MVA,
Viate w =960V, Spase = 2.0 MVA, Vipgse w0 =960V, wy_y, =47.124 rad /s, 75 =0.006 p.u., 75, = 0.00074 p.u.,
Lipd_w = 1125 p.u., Lyng w = 0294 p.u., Ljs 4 = 0.18 pu., Ly o = 01293 p.u., Ly oy = Lis o + Lyd s
Lyw = Lis v+ Lng -

Wind turbine data: Vg _rate = 12 M/, Wiy rate = 15 1pmM, Wyypy in = 9 TPM, Wiy max = 19 rpm,
Diameter = 59.3 m, C; =0.73, C; = 151, C3 = 0.58, C4 = 0.002, C5 = 2.14, C¢ = 13.2, C; = 18.4, Cg = —0.08,
Cy =0.003.

Inertia constant of the wind unit (turbine + generator): Hy, = 2.33 p.u.s, Spzs, = 1.5 MVA.

Diesel generation unit: Poles = 4, fratg_DIG =60 HZ, Sratg_DIG = 500 kVA, Vrgtg_DIG = 380 V,
Sbﬂse =20 MVA, Vbase_DIG =380V, Wp = 376.991 rad/s, HDIG =0.125 p-u.s (HDIG =05 p-u.s in the
generator base power), 7s_prc = 0.62 p.u., 7 pjg =0.11 p.u., Ly pig = 10.28 p.u., Ly pic = 5.08 p.u,,
Lis pic =122 pu, Lsg pig = 0.9 pu., Ly pic = Lis pic + Lmd pic, Lg_pic = Lis_pi6 + Lmg_piG,
Tam =0.15s, Ko =177.8 p.u., T,; = 0.06 s.

DC-link data: Vi pc = 1100 V, Sppse = 2.0 MVA, Vi pc = 1100 V, wy = 376.991 rad/s,
Cpc =68.424 p.u.

Converter of the dump load: Sy pr = 400 kVA, Viax rpr = 900 V, Sy = 2.0 MVA,
Vbase_DL =1100V, wy = 376.991 rad/s, KDL =0.0014 p-u, zbuck =0.935 p-u, ébuck =0.502 p-u.
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LCL filter: Spse = 20 MVA, Vigs ¢ = 380 V, wp = 376991 rad/s, Ly = 2.381 pau,

Rf = Rc=1.385 x"10"*p.u,, L, = 0.085 p.u., C4 = 0.041 p.u.

Control loop gains of the excitation system of the wind generator: K,7 = 227, K;7 = 35.1.
Gains of the isochronous frequency controller of the diesel unit: K, pig =4, K; pic = 5.
Gains of the control loops of the grid side converter: Kj1 = 14, K;; = 40.4, K;,» = 56.88, Kj» = 251.10,

Kp3 = 14, Kj3 = 40.4, K,y = 56.88, Kiy = 251.10.

Gains of the control loops of the generator side converter: K,5 = 12.5, K;5 = 100, Kps = 6.25,

K;6 = 100.

Gains of the proposed control loops: Kpe =1.16, K, = 1.36, K,y = 20.56, Kjg = 129.06.
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