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Abstract: Harnessing wind energy is the most rapidly growing amongst renewable energy sources.
However, because of its intermittency in nature, wind power results in unfavorable influences
on power system control, operation and stability. The voltage sag and flicker and grid frequency
fluctuation are significant in this regard. To minimize the effect of wind power fluctuations and other
contingencies on the grid frequency and AC-bus voltage, this paper presents a droop-fed vector
control strategy based variable speed pumped storage (VSPS) system comprising the doubly fed
induction machine. Modelling of the system is undertaken based on a phasor model technique.
The case study is made by considering the droop-controlled VSPS plant in a grid containing
conventional synchronous machines for hydropower and thermal power plants and an induction
machine wind farm. The performance is validated and analyzed using a MATLAB/Simulink platform.
The proposed droop-fed control model is compared with the conventional control strategy (without
being droop-fed) and tested to wind power fluctuations, start-up transients, load variations and
three-phase fault. The results show that the droop-fed vector control strategy of the VSPS plant
achieves better dynamic and steady state controlling responses for grid frequency and AC-bus voltage
in the power system than the conventional vector control scheme during wind power fluctuations
and contingencies.

Keywords: variable speed pumped storage system; droop control; vector control; phasor model technique

1. Introduction

Due to increasing environmental concerns and energy markets, wind power generation has
undergone rapid growth. In 2013, the world wind power production capacity was 318 GW and is
forecasted to reach 712 GW, 1480 GW, 2089 GW and 2672 GW by 2020, 2030, 2040, and 2050, respectively,
in a moderate scenario. China records the fastest growth in this regard [1,2].

Wind energy production is eco-friendly, sustainable, space efficient, incredible domestic potential,
has low operational cost, revitalizing to rural economies, etc. However, the major drawback of wind
power is its intermittency in nature over time, hence, significant wind power fluctuations can be
observed. For a power system even with moderate wind power penetration, the fluctuations should
be mitigated, otherwise this may lead to substantial deviations in the grid frequency [3], voltage sag
and flicker at the grid buses [4], steady state voltage deviation, even equipment damage and system
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collapse at large. A study in [5] shows that the variable speed pumped storage (VSPS) system can
improve the steady state operations and dynamic stability of the power system. Having dependable
features, the VSPS plant can play a key role in stabilizing the dynamics and transients of the grid
affected by wind power fluctuations and other contingencies [6-11].

So far, many works have been done on the control strategies doubly fed induction machine in
doubly fed induction machine (DFIM) based applications. Vector control strategy is predominantly
taken into account in this regard. According to the references [8,9,12-16], the very common applicable
vector control strategies implemented in DFIM are field oriented control (FOC) and direct torque
control (DTC).

Based on the concept of the DTC, the direct power control (DPC) strategy is adopted. DPC is
applied in an electrical machine field and has been widely studied. In DPC, the control of the real and
reactive instantaneous power is independent, direct and simple [17,18]. It is noted that DPC has noble
features than FOC particularly in the variable speed application [13,16,19]. Moreover, a comparative
study between DPC and FOC strategies for doubly fed induction generator (DFIG) has been conducted
in [19] and attempts to assure having lower computational complexity and machine model dependency,
direct controllability of active and reactive powers, very good transitory response and lower overall
implementation complexity than FOC. DPC is also characterized by its fast dynamic response against
parameter variations and it does not utilize a rotor current control loops. In the DPC strategy,
the estimations of active and reactive powers are carried out using current measurements, and directly
controlled with hysteresis controllers and a switching table [12,14].

On the other hand, DPC has drawbacks compared to the FOC strategy. It has high ripples of
active and reactive powers, high switching frequency which presents a high harmonic distortion of the
generated currents, and provides warming-up of the silicon switchers [16]. Based on the comparative
study in [16], it is hardly to state on the superiority of DPC versus FOC owing to the balance of the
merits of them.

Regardless of its types, DPC or FOC, vector control confirms the higher level performance
improvements in grid frequency and AC-bus voltage regulation with the implementation of the phasor
model technique. However, the study of vector control in DFIM based VSPS application with the
implementation of the phasor model technique is limited. The frequency regulator based on DPC
implemented in a full-size converter fed synchronous machine was, for example, conducted in [8],
but DFIM would be better advantages than synchronous machine in the implementation of VSPS plant
for its efficiency and control [20]. The reference [13] also attempts to explore DPC in DFIG based wind
power system. The DPC in [11] was also studied for the application of DFIM-based VSPS system with
emphasis on converter topology study. Implementing an H-bridge cascaded multilevel converter for
VSPS based on a stator voltage FOC strategy has been presented in [9] for suppressing the effect of
a wind farm power fluctuations. Moreover, power filtering algorithm solution control approach was
proposed in [3] to regulate the deviations of the grid frequency caused by wind power fluctuations.
DPC is also studied in [11-16,19] and FOC is in [16,19] as well. The aforementioned works have
not considered the phasor model simulation technique as significantly important in the large power
system stability and control analysis where simulation time and computational storage are very critical.
Since the electromagnetic transients are not of interest, the dynamic simulation time is highly reduced
in the phasor model technique because the sinusoidal voltages and currents are replaced with phasors
expressed in polar form. Implementing a phasor model in any linear system is also an advantage
in that since the studies of a small-signal stability are based on eigenvalue analysis of the linearized
power system, the eigenvalue analysis is complemented with dynamic simulations of the non-linear
system [21,22]. Nevertheless, when implementing a phasor model technique in the DFIM application,
grid frequency controlling is challenging. In the phasor model technique, the grid frequency is fixed
to a constant value. It is difficult to develop a phasor locked loop which is used to synthesize the
frequency. Thus, the grid frequency control is made through the active power control strategy which is
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an open loop control scheme for the frequency as shown in Figure 1. As a result, the responses in the
grid frequency lack dynamic performances especially during contingencies [23].
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Figure 1. Open-loop frequency and AC-bus voltage control through the power control strategy.

On the other hand, the frequency has a droop characteristic with active power in the converter
system. Due to the imposed frequency droop, the converter will respond to the decrement of the
frequency by increasing the inverted power or by reducing the rectified power. So, the frequency
droop is estimated per unit increment of rectified power to be fed to the closed control system.
Since a change in the converter power results in a change in DC voltage level, a frequency decrement
will be manifested as decrement in DC voltage level in an AC/DC interface system which in turn
results in demanding a power flow compensation [24]. Therefore, this problem can be resolved by
incorporating a synchronous machine in the power grid system helping to get the measured and
estimated frequency to the VSPS control system since the rotor speed of the synchronous machine is
the same as the grid frequency with a proportion factor.

Regarding voltage regulation, the AC voltage can be controlled either by reactive power control
or constant voltage control. Considering the reactive power PI control, the steady state deviation
of AC voltage can be observed. For a constant voltage control strategy, generating or absorbing
reactive power by the VSC converter is distorted during disturbances, hence leading to significant
voltage sag and flicker and steady state voltage magnitude deviations. Therefore, combining these
strategies together provides droop based power control resulting in fast dynamic control response and
minimized error in steady state values. Therefore, droop controllers are to be incorporated as the input
of reactive power PI control (outer loop controller) of the conventional vector control strategy.

Hence, this paper presents a droop-fed vector control strategy based VSPS system for the
reduction of wind power fluctuation and other contingencies impact on grid frequency and AC-bus
voltage to resolve the steady state and dynamic performance problems stated in the aforementioned
papers. The converter employed is the three-level neutral point clamped voltage sourced converter
(NPC-VSC). Due to its novel features to the VSPS plant, the DFIM is deployed. To validate the
performance of the proposed system, a phasor model simulation technique is developed and analyzed
in a MATLAB/Simulink platform. The performances of the proposed system are made by comparison
with the conventional method. The VSPS grid connected system consisting of hydropower and thermal
power with synchronous machine and wind farm with induction generator is presented for a case study.
The results show that the proposed VSPS control strategy achieves better performances in the dynamic
and steady state responses of the grid frequency and AC voltage than the conventional strategy.

2. Materials and Methods
2.1. Basic Concepts of Droop Vector Control System

2.1.1. The Vector Control

Vector control is strictly defined as a variable frequency drive control method in which the stator
currents of a three-phase AC electric motor are identified as two orthogonal components that can be
visualized with a vector [25]. One of the two components states the torque and the other magnetic
flux of the machine. From the flux and torque references, the drive control system calculates the
corresponding current component references. To keep the measured current components at their
reference values, typically PI controllers are used. A single-variable scalar (V/f) control will be
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universally displaced by the vector control strategy due to increase of the microprocessors vector
control computational power. It is applicable to both induction and synchronous machines.

The very common applicable control strategies named FOC and DTC are categorized under
vector control scheme [8,16]. They are different on the operation principle but their objectives are the
same. Both of them aim to control effectively the machine torque and flux, and have been successfully
implemented [16]. The FOC controllers move the stator field so that it is perpendicular to the rotating
rotor field. The FOC is an attractive control method but it also has a drawback. The precise knowledge
of the motor parameters are, for example, mandatory. It is particularly difficult to measure precisely
with a varying temperature. The DTC, which is a more robust control scheme, provides for estimating
the stator flux and electric torque of the machine from terminal measurements in the stationary
reference frame. The DPC strategy adopted based DTC was initially developed in 1998 [26] and
implemented to DFIG in 2006 [12]. A DPC is characterized by its fast dynamic response against
parameter variations and it does not utilize a rotor current control loops. The DPC also has drawbacks
with high ripples of active and reactive powers, high switching frequency of which presents a high
harmonic distortion of the generated currents, and provides warming-up of the silicon switchers [16].

2.1.2. The Droop Control

The main concept of droop control is to build an additional VSC-DC link frequency and AC
voltage control on top of the state-of-the-art frequency and AC voltage control approach to provide
virtual reserve through VSC-DC link systems. In case of the power change due to load or supply
variation, the droop characteristics of grid frequency and AC voltage is observed in the VSC-DC link
based system performance as is strongly related to change of power.

The frequency control structure given in Figure 2 provides a governor like droop behavior through
active power loop. If there are generating units in the power system, the load sharing is determined by
the frequency droop of each power generating unit, which is defined as R = Aw/AP. For two power
generating units with frequency droops R; and R;, the following relationship is established for the

power output AP; and AP;:
AP; R

AP, R, (1)

The power generating unit with smaller frequency droop shares more loads in the power system.
Accordingly, the frequency droop of the VSC-DC link with the proposed frequency controller can be

expressed as

Af = Iif(me _p) @)

where K is the droop constant.

Likewise, if two or more alternating-voltage-controlling units are connected to a common bus in
the power system, the alternating voltage controls should be coordinated to avoid hunting between
the units. The transformer used in the application of VSC is to transform the grid or load bus
voltage to a suitable voltage. Nevertheless, the VSC-based system performance is affected due to
voltage droops of the transformer [27]. Thus, instead of controlling the alternating voltage of the
point-of common-coupling (PCC), the VSC-DC link and the synchronous generator both control
voltages between their own terminal/filter-bus voltages and the voltage of the PCC to give a droop
characteristic to their alternating-voltage controls. So, the virtual inertia is provided through the
reactive power or AC voltage control loop of the VSC system. Since the voltage is strongly related to
the reactive power generation or absorption, its droop needs to be compensated via a reactive power
control loop as shown Figure 2.
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Figure 2. The block diagram of the droop control.

2.2. The Proposed System Modelling

5o0f 24

The structure of the proposed system in this paper is illustrated in Figure 3. As shown in the
tigure, the DFIM of the VSPS is configured in such a way that the rotor is connected with the rotor side
NPC-VSCr and the stator is connected with the grid, whereas the grid side NPC-VSCg is connected
with the grid through the coupling inductor. Details are explained in [23]. The wind farm is also
connected to the grid with the conventional machine. The control structure is hierarchical having
inner loops (current PI controllers), outer loops (power PI controllers) and droop controllers (frequency

droop controller and AC voltage droop controller).
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Grid transformer

3
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Figure 3. Structure of droop-fed vector control strategy for the NPC-VSC topology of the VSPS-wind-

grid integrated system.
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2.3. Machine and Converter Modelling

Detailed modelling of the hydraulic-turbine, the DFIM and the NPC-VSC is presented in [23]
and the wind farm also in [15] by the same authors. This paper focuses on developing the control
strategy of the VSPS in the wind-grid-integrated system for analyzing the dynamic behavior and
performance of controlling the grid frequency and AC-bus voltage during the fluctuation of wind
energy and other contingencies.

2.4. Control Modelling in MATLAB Platform for Dynamic and Steady State Analysis

Referring to [15,23], we have the stator power equations and the dynamics equations of the
induction machine fluxes in (3) and (4) respectively.

P = 1‘5(vqsiqs + Vgsigs)

. , 3
Qs = 1.5(vgsias — Vgsigs) )
d‘,ffs = Vs — Rsigs — ‘Uqus
d¥ s .
dtq = VqS — RSZQS + ws‘{{ds (4)
d‘,f;[” = Viy — Ryigy + (ws — wr) ¥y
a¥,,

1 = Vgr — Rylgr — (ws — wy) ¥y,

Based on the detail works in [23], from (3) and (4), the stator power (Ps, Qs) is determined and
expressed as a function of the rotor dq-axis current.

Ps = 1.5Vs(Lu /Ly )igr

Qs = 1.5VS[(TS/L5) — (Lm/LS)id}’] ©

Equation in (5) implies the independent control of the real power and reactive power in the
application of a DFIM-based VSPS system, and equations in (6) have been also derived based on the
assumptions taken; a voltage drop across stator resistor being very small compared to the grid voltage
and a magnitude of stator flux fairly constant.

. digy . .
Var = Ryigr + L;‘% + (ws — wy ) (Lyigy + Linigs)

Viar = Reigy + LE % — (w5 — ;) (Lyigr + Linigs)

(6)

where L} = L, — (L2,/Ls) and Vgr and Vg, are feed-forward voltages to the controller.

Thus, the dynamics of the rotor dg-axes currents are controlled by developing the PI control loops
from (6) which in turn are used to control the stator active power which is the function of rotor dq-axes
current as equated in (5). However, dynamics of iz, and i, are coupled due to the presence of the terms
Ly (ws — wy) in (6). Since the VSC controls the DFIM rotor terminal voltage, as stated in (6), i5y and g,
are to be related to the new control inputs ug and u4,. To decouple the dynamics, the new control
inputs are introduced and is redefined as in (7).

uqr = Vqr — (ws - (Ur)(Lrldr + Lmlds)
ugr = Var + (ws — wr) (Lyigr + Linigs)

where 1y, = L;‘% + Ryig, )

di .
Ugr = Ly g + Reigr

On the other hand, in the grid side of NPC-VSCg converter, the PI control of DC voltage in the
DC link is deployed for regulating the proper active power exchange between the converter and the
grid on the outer loop whereas PI current controller is used on the inner loop. But, reactive power



Electronics 2018, 7, 108 7 of 24

exchange is usually set to zero [28]. The mathematical model design is made by the equation in (5)
denoting the voltage equations across the coupling inductor.

. di .
Vig = Rigg + L—f — wsLigg + Vi

. digg . (8)
ng = qug + LW + (UsLng + VL]S

where R and L are the coupling inductor resistance and inductance respectively; and Ve and Vs are
control inputs and disturbance inputs respectively.
Similarly, ige and iy, are to be related to the new control inputs u4 and 14, and (9) is redefined as

Ugg = Vgg — wsLigg — Vs

©)

di .
where 14, = L% + Rigg

- dz,,g .
Uugg = L7 + Rigg

Thus, from (7) and (9), the rotor and grid current control loops (inner loops) are developed. Both current
controllers are supported by feed forward terms predicting V4, and V5. The dynamics of the DC voltage
in the DC link is defined by (10). The converters and DC-link are assumed to be lossless.

dvee 1. 1

where C and V. are the DC link capacitance and DC voltage respectively. Pg and P, are active power
flow in the grid and rotor side of the converters respectively.
The power equations of (3) also hold for a grid side power flow and denoted by (11).

Py = 1-5(Uqgiqg + Udgidg) (11)
Qig = 1.5(vgglag — Vagiqg)

2.5. Control of Active and Reactive Power for Rotor Side Converter

Active or reactive power is controlled by the rotor side converter which connects rotor windings
and DC link. This converter offers a proper AC excitation for the windings of the rotor that provides
the stator windings proper active power.

2.5.1. Active Power Control

Controlling of active power can ensure controlling of system frequency. So as to keep the grid
frequency constant, synchronous generators, for example, can have a permanent droop control loop in
the turbine control. It is dedicated to adjust the active power balance between the production and the
consumption of the system. On the other hand, implementing the primary frequency control in the
DFIM-based VSPS unit, which is critically important, controls the active power flow of the system.
In this application, a vector control strategy is employed to have fast dynamic response and lets the
control system compensate effectively during contingencies. Even if this is a limited control scheme
that is placed in the VSPS unit, the significant output that is an adjustable and nearly constant power
flow can be seen from the network of the power system as far as the VSPS operates within the specified
limits. The power command Py of the control system of the VSPS is determined from the capacity
of the VSPS unit and its efficiency. An external set point, P which is the input to the power control
system, in this regard, should be assumed for the VSPS. The set point depends on the VSPS capacity
and the situation of the power grid. The value of this set point is dedicated to optimize the system
energy balance and update relatively with slow rate. The main concern is, however, to control the
contingencies and regulate the VSPS power for mitigating the impact on the grid stability.
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As illustrated in Figure 3, the rotor-side converter control is modelled in two stages. The first
stage is power (PQ) control (the outer loop) in that the active/reactive power tracks the respective
reference. This loop provides dg-axis reference currents for the second stage (the inner loop). The inner
loop is technically a current control offering dg-axis reference voltage for modulation and injected to
the converter. PI controllers with limiters are applied in both control stages.

The model design of the active power control of the rotor side converter is presented as follows.
Referring to the voltage equations in (4), we have the mathematical equations of (6). From (6), the rotor
electrical dynamics model is determined based on the system equations and representing two decoupled,
first-order subsystems. It can control igy by ugqr, in turn, ugq, can be delivered by corresponding PI
compensators. The compensators process the current errors and provides ugq,. The control plants in
dg-axis current-control loops are identical. Therefore, the corresponding compensators can also be identical.
Thus, the compensator can be a simple proportional-integral (PI) compensator, K;(s) to enable tracking of
a respective reference. The compensator is defined by

- PZ'S + Ii

Ki(s) = == (12)
Thus, the loop gain becomes
P;\ s+ I;/P
Os) = (L) 25/t 1
(=) (L;‘)s—i—Rr/L;‘ 13)

Due to the plant pole at s = —R,/L,*, which is fairly close to the origin, the magnitude and the
phase of the loop gain start to drop from a relatively low frequency. Thus, the plant pole is first canceled
by the compensator zero s = —I;/P;, and the loop gain assumes the form ¢ = P;/L;. Then, based on
the plant function, G;(s) = 1/(L}s + R,) developed from (7) and considering the compensator K;(s) in,
the closed-loop transfer function becomes;

qur(5>

L A ifP; = L:/7* and I; = R,/T* (14)
qurfref(5>

1
= Gjc(s) = pp——

where P; and I; are proportional and integral gains and 7" = L} /R,. The gains are determined and
tuned based on the control stability theory. The control structure of the inner loop is illustrated in
Figure 5a.

From Equation (14), the g-axis rotor current as a function of its own reference value is obtained.

Igr(5) = Gicl5)Igr—re () 15)
Multiplying both sides of (15) by 1.5 VsLm/Ls, we get
1.5VsLm/ Lslgr(s) = Gic(8)1.5VsLm / LsIgr—ref () (16)
Therefore, based on Equation (5), from (16), we can deduce (17).
Py(s) = Gp(s)Ps_ref(s) (17)
From these relationship, we can have the block diagram of Figure 4.

Rotor dynamics model

Figure 4. Control block diagram of the vector controlled DFIM for active power control loop.
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Thus, plant function Gp(s) is defined by multiplying Gic(s) with 1.5 VsLm/Ls i.e., Gy(s) =
1.5VsL,, /Ls(L}s + Ry). Accordingly, the closed loop active power control is developed as shown in
Figure 5b. The PI control of K;(s) of Figure 5b processes the error signal e, and provides the reference
current igyrer and defined by;

Pys+1
Ky(s) = % (18)
where P, and I, are proportional and integral gains. The open loop transfer function becomes;
(Pps + P;)(Ips + I;)
= 1
Gpo(s) < Lis® + (Ry + Ip)s? + Iis> (19)

where K = 1.5 VsLm/Ls. We used the symmetrical optimum method to determine the control gains
(Pp and I) since the open loop transfer function has a pole at the origin. This method optimizes the
system’s control behavior. Thus, the inner current loop with wider bandwidth of 2.4 Hz than the outer
power loop with 1.11 Hz is designed.

Rotor dynamics model Power dynamics

Pl-control Pl-control model
idql”FEf /7\ €dqr ‘ Udgr ‘idqr-meas Poref “/*,ﬁ\\ €p ‘ Igr-ref ‘ Ps.meas
( : - { ) Ky(s) Gy(s)
\%/ KI(S) ‘ GI(S)‘ \:/ P ‘ P
(a) (b)

Figure 5. The PI control structure of the NPC-VSCr: (a) the current controller (inner loop); (b) the active
power control (outer loop).

Permanent droop should be included in this control as active power in DFIM is controlled by the
converter. In dominant wind farm power production fluctuations, the response of the power system to
contingencies is highly improved if a frequency droop control scheme is included in the active power
control loop. The power transfer within the DC-link can be modulated by a frequency droop control.
It can be modelled as an additional signal that is added to the active power reference P, in Figure 6.

According to Figure 6, the difference between actual and reference frequency is forwarded to
a proportional controller which defines permanent droop. The proportional output is added to the signal of
the active power Pt and the optimized output power Py from the induction machine and the sum of them
presents the active power reference P, for the PI active power control in the outer loop.

The optimized power Py is the very beginning reference power of the VSPS control system
which is determined by considering the capacity of the hydraulic turbines of the VSPS plant along
with its losses. Since the plant is a variable speed scheme, the control system enables to adjust and
regulate the plant when the power variation occurs in the grid. Thus, we can add the power command
APying = Pying — Pset to the VSPS power control unit and to be compensated. P,  is the wind farm
power measured which is subject to the fluctuation due to its intermittency. Then, it is designed for
the converters to offer frequency support to the grid. This control structure provides a governor-like
droop behavior through active power flow. The droop-type control is built based on the concept of
power synchronization control in which grid synchronization is achieved regardless of a dedicated
synchronization unit [21]. This droop-type control system provides a DC link with frequency droop
characteristic. For other power generating units in the grid system, the load sharing is possible.

Hence, with the additional power command AP; due to change of frequency caused by all
contingencies to the VSPS active power control system, improvement of the dynamics performance of
the power system can be ensured, and (20) is accordingly determined.

APf = Kf(fref - fgrid) (20)
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where Ky is the droop constant, f,.f is the reference frequency in which 50 Hz applied in this paper,
and feig is the grid frequency measured and estimated from the rotor speed of the synchronous
machine in the same grid.

Pset
Puwind ‘CE\ APuwing

Wind farm /

Power dynamic
Pl-control

model
Power losses v .
| . .
Power;alance Popt / \ Ps-ref / \ ep |qr-ref Ps_meas
Tracking the optimal power P Q / ( J Kp(S) Gp(S)
of hydraulic turbine pHimization ‘-g- -

AP

i
foa

Figure 6. A rotor-side converter of active power control structure.

2.5.2. Reactive Power Control

The same procedures following as in the active power modelling section, the reactive power
control system is developed. From the Equations (5), (14) and Figure 5, the model (21) is determined.

Qs(s) = Gq(s)Qs—ref(S) (21)

Hence, the dynamic model for the reactive power control of rotor side converter VSC-NPCr is
developed, and the PI control of Ky(s) is defined in (22).

_ Pis+ 1

. (22)

Ky(s)

The rotor side converter provides the proper reactive power of stator windings as stated above.

Therefore, in order to keep the AC-bus voltage constant, i.e., to adjust the generation and absorption

of the reactive power in the converter, additional signal should be included to the reference reactive

power. With load compensation, referring Figure 7, for parallel connected voltage control units, the
magnitudes of the resulting compensated voltages can be given by

Vi—sc = esG +ksc(Rsg +iXsc)isc

. . 23
Vi—vse = €uvsc + kose (Rvsc + ]Xvsc)lvsc ( )

RsatiXsa
I A
T
P,Q
RusctiXusc
R . S— 4 ‘2\‘ \Jt
PNV

Figure 7. Voltage droop control for parallel connected voltage-control units.
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In order to provide appropriate AC voltage in the network, for example, the DFIM reactive power
can be properly controlled. This control can be accomplished based on the control structure presented
in Figure 8. This figure indicates that the difference between actual AC voltage Vs and reference AC
voltage V. of the AC grid is integrated and added to the reactive power set signal Qs+ and the sum of
both signals presents the reference of the reactive power Qs for the Pl reactive power control on the
outer loop of the VSPS control system provided in the rotor side.

From (23), the voltage-reactive power relationship of Equation (24) with the droop constant K,
is derived.

AQpse = Kuc(Vref - Vmeas) (24)

The voltage control structure through the reactive power control loop is illustrated in Figure 8.

Power dynamic

Pl-control model
O\setl,{ ;\\‘ Qg-ref \C;\‘ €q Kq(S) idr-ref Gq(S) Qs-meas
N -
- AQ,
Vac—ref J/ } \\ K ‘
|t ac
NI
Vac—meas

Figure 8. A rotor-side converter of reactive power control structure.

2.6. Control of Active and Reactive Power for Grid Side Converter

The reactive power on the grid side converter is controlled by a PI controller by setting its reference
value zero. Whereas the proper active power exchange between the converter and grid is controlled
through the PI control of DC voltage in the DC link.

For control design purposes, the d-axis is supposed to be set in phase with the voltage across the
resistor. Thus, the d-component of the voltages in d-q coordinates becomes v, and zero that of vgg.
So, the power equations of (11) is deduced by (25).

Ptg =1 'SUdgidg

; (25)
th = — 1~5Udg1qg

Ignoring the losses and harmonics due to switching in the converter, the real power balance
equation on the grid side can be given by:

Ptg = 1'50dgidg = VchdC (26)

Equation (26) implies that the DC-bus voltage is likely and independently controlled by controlling
the d-axis current igg.

The objective of the active/reactive power controller of the VSC system is to regulate the
active/reactive power exchange between the converter and the AC grid. In this controller, for the sake
of mathematical formulation, it is supposed to be the DC side of the VSC is connected to an ideal DC
voltage source that dictates the DC-bus voltage as shown in Figure 9.
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Figure 9. Simplified schematic diagram of the controlled DC-voltage power port of a three-level
NPC-VSCg.

According to Figure 9, any power imbalance within the outlined area results in excursions
(and potential instability) of the DC-bus voltage since there is no DC voltage source in the VSC system.
Thus, the DC-voltage V. of the grid port requires proper regulation. P,y (t) cannot be controlled by the
VSC system since it is typically an exogenous signal. Thus, to ensure the power balance exchange, Pyq
must be controlled through the VSC system. Based on Figure 9, the power balance is expressed by (27).

, d, 1 ,
Peoxt — Vdclloss - $(§CgV§c) = Pdcg = Vdcldc (27)

However, for a three-level NPC-VSC, the DC bus effective capacitance is half each of its DC-side
capacitors. Ignoring the power losses related to the IGBT resistance r,, and substituting for Py, = Prg

and rearranging the resultant, (27) is rewritten as (28).

1

. d 2
Pext — Viaclipss — E(chvdc) = Ptg (28)

Ploss

where Py, is the power at the AC-side terminal of the VSC. Equation (28) represents a power balance
and describes a dynamic behavior of V4. of a system in which V7, is the output state variable, the Pyg
is the control input, and Pyt and Py, are the exogenous inputs. Cg is the capacitance for smoothing
the DC-bus voltage ripples.

Similarly, taking into account the system on the rotor side converter encompassing C,,
the following equation holds.

d, 1 .
at (Ecrvéc) = Py, — Vdclloss£ — Pext (29)

DPiossr

Ignoring the power losses related to the IGBT resistance r,;, AC-side terminal power is equal to
the machine rotor power P, = P4.,. Adding (28) and (29) together, the Equation (30) is found.

*(*Ceqvflﬁ = _Ptg - Ploss + Pdcr (30)
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Equation (30) describes a power-balance dynamic equation for the capacitance Ce; = C; + Cq,
which is subjected to the (relatively small) discharging power Pjyss = Ve (ijossr + 1ossg) the (widely
variable) charging power P, and the (controllable) discharging power Ptg.

Starting with the voltage equation across the coupling inductor from Figure 6, we have

di .

The control input Py, is expressed in terms of Psg and Qg since the VSC system of Figure 9 enables

to control Psg and Qse. Multiplying both sides of (31) by (3/2)i* (i* is the conjugate of i), we obtain

%Re{ *}_—ng + Re{mgz - Re{ngl} (32)

Rearranging and solving (30) for Py = (3/2)Re{Vi¢i*} and Psg = (3/2)Re{Vigi* }, we get

3
2

3 3R~2+3Ld1

L
R{ *}orPtg Psq—i-z YS!

Pig = Py + SR> + (33)

Practically, R is a small resistance and its absorbed power is negligible compared to Pt and
Psg. However, during transients, the power absorbed by the coupling inductor can be significant.
So, L must be adequately large to suppress the switching harmonics. Furthermore, since the current
controllers in dg-axis frame are fast, i can undergo rapid phase and amplitude changes, during the
real /reactive-power command tracking process.

From the power equation, we have
. 31 2 2 22
Psg +]ng = E(ngl ) or Psg + ng = Zngl (34)
Solving (34) for i2 and substituting in (33), Equation (35) is derived

oL\ dPy, [ 2L dng
Py = P, = P, ~

Substituting (35) in (30), Equation (36) holds.

dV2 dpg d S
dff = C%q {_Ploss + Paer — PSg - ((3%7[;2?)1)58 di‘g <3V2 >Q58 (dgtg):| (36)

Equation (36) describes the dynamics of Vﬁc ; Psg is the control input, Qs are the disturbance inputs.
Thus, to control Vﬁ .» one can form the control scheme shown in Figure 8, which consists of an inner
control loop nested inside an outer loop. The outer loop compares V3, with its reference value, processes
the error by a compensator, and delivers Pgg s to the inner control loop. The inner control loop is
basically the current controller which regulates its reference value calculated from the Py, s of the outer
loop controller.

Since the control plant is nonlinear, Equation (36) should be linearized about the steady
state real power flow operating points based on [29], and thus, designing Gj.(s) accordingly.

So, Psg0 = Pext — Pioss = Pexio; and (36) is linearized as
aQs
(W )ngo Qs H (37)

2

dv dPsg
dtdc—c { Poxt — Psg{(gvz)Png ar
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where ~denotes small-signal perturbations. The time domain of (37) is transformed into Laplace
domain resulting in a control plant transfer function as

V2 2 \1s+1
Gace(s) = =4 = — ( ) 38
dC( ) Psg ng s ( )
where 7 is the time constant defined by
2L Psgo
3ng

where L, Psg0 and Vg are respectively the coupling inductance, (steady-state) real power flow and
grid-side AC voltage magnitude.

As per Equation (39), if Peyo is small, T is insignificant and the plant is predominantly an integrator
since T is proportional to the real-power flow Peyto (or Psgo). T brings a phase shift in G.(s) when Peyto
increases. In the inverting operation mode where P, is positive, T is positive and adds to the phase
of G4.(s). However, in the rectifying operation mode where P,y is negative, T is negative and reduces
the phase of G4.(s); a larger absolute value of P,y results in a smaller phase of G4.(s). Based on (38),
the plant zero is z = —1/7. Therefore, a negative T corresponds to a zero on the right-half plane, and the
controlled DC-voltage VSPS represents a non-minimum-phase system in the rectifying operation mode.
Thus, the phase reduction associated with the non-minimum-phase zero has a detrimental impact on
the closed-loop stability.

Taking into account of system model linearization, the PI controller parameters are chosen around
the operating points. For the model linearization, the point of a reference is obtained by specifying
a reference input Vj._.¢. The control structure is depicted in Figure 10a.

DC-link Inductor coupling
Pl-control dynamic model Pl-control dynamics model

Ve Pogre 2 idagref /N @ Y idqe-
dc-ref \/_\1.)‘*> Keels) ‘ g-ref ‘ Gucls) ‘ V dc-meas qg-re ‘\,\ . \ € Kig(S) ‘ dqg Gig(s) dgg-meas
T u N u

(a) (b)

Figure 10. The control structure for grid side converter of NPC-VSC: (a) the DC-bus voltage control
(outer loop) structure; (b) the current control (inner loop) structure.

The compensator Ky (s) is designed to guarantee an adequate stability margin even if the steady
state operating point changes. It is designed based on the plant function of (36) in which V3,
is impacted by Pey and Pjyss under the steady state and transient conditions. The feed-forward
compensation can reduce the impact of P,;. However, the feed-forward compensation is hardly
effective to mitigate the impact of Pj,,; due to uncertainty of the measurement and estimation of Pjg;.
Therefore, K;.(s) must have an integral term (I;.) to eliminate the steady state error of Vgc caused
by Pj,ss. Because of a presence of an integral term in the control plant and to ensure an adequate
phase margin and stability, a proportional term (P;.) must be included in the K;.(s). Hence, the PI
compensation Kj.(s) of Figure 9a is defined by (40).

_ Pdcs + Idc
S

Kye(s) (40)
where Py, and I, are respectively proportional and integral constants of the PI controller.

The control of the inner loops in the grid side converter is designed based on the voltage dynamics
equation of (8) by following the same procedure as of the rotor side. The inner loop current controllers
which are identical due to identical dynamic model are dedicated to control both active and reactive
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power iy, for active power and igg for reactive power. Hence, PI control structure of the inner loops
shown in Figure 10b is developed.

The PI controller compensation Kj¢(s) and the inductor coupling dynamic model G (s) of Figure 9b
are derived and given by (41) and (42) respectively.

Pios + I;

Kig(s) = % (41)

Gio(5) —;'T—L/R (42)
Y s 1

where P;,, I;,; L and R respectively proportional and integral constants; inductance and resistance of
g7 ig P y prop g

the coupling inductor.

2.7. Measuring and Estimation of the Grid Frequency

The grid frequency can be detected or measured through a phase-locked loop (PLL) which is
a nonlinear feedback system that generates an output signal whose phase is related to the phase of
an input signal. A basic advantage of PLL is to synthesize the grid frequency in a power system.

In a phasor model, however, the PLL is ignored. In this method, the sinusoidal voltages and
currents are replaced by phasor quantities (complex numbers) at the system nominal frequency
(50 Hz). As a result, measuring of a frequency for controlling is, in a phasor model technique, critically
challenging. As stated above, frequency is regulated in an open loop way through the active power
control system and, in turn. the dynamic stability of the frequency during contingencies is not ensured.
Therefore, a method to synthesize the frequency is proposed in this paper and presented as follows.

In the basic operation principle of a synchronous machine, the rotating magnetic field of the stator
is synchronously moving with the speed of the rotor. The frequency of the power system in which the
synchronous machine connected to is the number of cycles per second in an alternating current sine
wave of the rotating magnetic field of the stator. Its value is practically 50 Hz or 60 Hz. The frequency
and the rotor speed are linearly related in the synchronous machine. It is given as

_ P
f= mn (43)

where f, p and n are respectively electrical frequency in Hz, number of poles and rotor speed of the
machine in rpm

From (43), it is deduced that the per-unit (pu) values of the frequency and rotor speed are equal,
i.e., fpu = npy. Thus, taking the pu values of the rotor speed as the pu values of the frequency is
practically acceptable. Therefore, the rotor speed is measured and estimated from the synchronous
machine and synthesized into the input of the frequency droop controller of the VSPS plant which
contains the doubly fed induction machine.

2.8. Voltage Modulation and Converter Reference Voltage

The self-commutated VSC converter is a fast and controllable converter for AC/DC interface
applications. One type of VSC converters is a three-level NPC power converter which contains three
arms with each four switching components with antiparallel diodes and two NPC diodes. Since this paper is
engaged to validate the performance of the proposed system in accordance with the phasor model technique,
the following assumptions are taken: the power losses in the converters are neglected and the switching
dynamics can be also neglected because the frequency of a pulse width modulation in NPC-VSC is much
greater than the frequency of the grid [30]. Hence, modulated and converter reference voltages of the VSCs
in this paper are denoted by the equivalent phasor model equations and obtained accordingly.

The modulated voltages of the rotor-side converter are given in (44).

Magr = (Z/Vdc)qur,,ef * ViomV2/3 (44)
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where qur,ref* is the feed-forward voltage in pu value and V,y;, is the RMS nominal voltage of the
VSPS plant. The converter control voltage is defined by

qur—cont = ‘mdqr 4(95 + 6+ évdqr) (45)
where £V, is an angle obtained from the feed forward voltages.

Similarly, for grid side converter, the modulated and the converter control voltages are obtained
and given by the following equations.

Mage = ‘(Z/VdC)qug—ref * Vnom\/m‘

(46)
qur—cont = ‘mdqg‘é(es + 4qug)
where V0 " is the feed-forward voltage in pu value and £V 4, is an angle obtained from the feed
forward voltages.
Since the converters reference voltage should be fed in actual value, they are determined by

qurfconv = (1/2)v 3/2(Vdc/Vnom)qur7cont

47
qugfconzi = (1/2) Vv 3/2(Vdc/Vnom)qug7cont @)

where Vg, cony and Viyge conp are rotor side and grid side converter reference voltages respectively.

2.9. Case Study and Simulation Model

In this paper, a case-study is undertaken involving a 300 MW DFIM-based VSPS and a power
grid system integrated with a wind-farm comprising of seven identical 15 MW wind turbine induction
generators. To investigate the impact of wind fluctuations on the grid frequency, a medium power
system model consisting of two 200 MVA hydropower plants and one 15 MVA diesel power
unit with conventional synchronous generators is established. The phasor model technique in
a MATLAB/Simulink platform is applied. For the conventional synchronous machines, the primary
voltage regulation method in automatic voltage regulators based on the standard IEEE type I and the
primary frequency regulation in turbine governors are used. The simulation network model setup is
illustrated in Figure 11 with a single-line diagram.

@ Thermal power
15MVA/25kV
W

Load (Ly) 25kV:220kV

BSGI

Wind Farm

75V:220kV
105 MW/575V 5

220kV

13.8kV:220kV
Transmission Network 3¢

Hydropower

Bsc2 200MVA/13.8kV

jJ 18kV:220kV

1 BSG3
g Busps Load (Ly) M 13.8kV:220kV

Hydropower

VSPS 200MVA/13.8kV
300 MW/18kV

Figure 11. Single-line diagram setup of the VSPS-wind farm-grid integrated system for the case study [15].

3. Results and Discussions

The control of power in the DFIM based VSPS system is essentially the power control of the VSC
fed VSPS system. The results presented in this section demonstrate the dynamics and steady-state
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responses of grid frequency and AC-bus voltage control. The performances are made by comparing
between the control system with and without the droop control.

3.1. VSPS Grid-Integrated Network Simulation and Implications for Regulating Grid Frequency and AC-Bus
Voltage in Case of Contingencies

The control of power in the DFIM-based VSPS system with a wind farm is essentially the power control
of the VSC-fed VSPS system. Figure 12 shows the evolution of the VSPS unit in the proposed network
depicted in Figure 11 but excluding the wind farm and with the absence of contingencies. Generally,
the reference reactive power is set to zero for a system without droop control over any operating conditions
since there is no reactive power exchange between the converter and the grid. However, to show the
performance of the control system, the varying active and reactive power instructional signals are given
to the control system as a reference value. As shown in Figure 12a, the proposed control system tracks
the power fluctuation instructions very well. A small distortion is observed while the instruction signals
vary from one value to the other. A 20% overshoot is perceived during the instruction signal switches
from lower to higher values. The overshoots in active power have some impact on frequency deviations.
The variations in instructional signal of reactive power cause the AC voltage to deviate from its nominal
value. The excursions are quickly regulated. Figure 11b shows the response of the inner loop signals when
the power fluctuation instructions are imposed on the outer loop system. The response shows perfect
tracking of the respective reference signals. Similarly, precise tracking of inner loop control reference
signals in the droop and without droop-fed vector control of the VSPS system along with the wind power
farm is also shown in Figure 13. But since the droop-fed matters to change the reference values in the
dg-rotor currents, the responses between the control system with and without droop-fed in the dg-rotor
currents vary. Hence, the results from Figures 12 and 13 imply that the droop-fed vector control strategy
based VSPS system can adjust the grid frequency and AC voltage fluctuations caused by wind energy
or other contingencies in a power grid integrated system quickly and flexibly. This is verified in the
following sections.

=
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Figure 12. Cont.
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Figure 12. The droop-fed vector control based VSPS system without wind farm: (a) tracking of power
instructions on outer loop control; (b) tracking of inner loop control reference signals.
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Figure 13. Tracking of inner loop control reference signals in the droop and without droop-fed vector
control of the VSPS system along with wind farm.

3.2. Comparison of the Proposed Control Scheme with the Conventional Strategy

3.2.1. Grid Frequency Control and Response

Figure 14a shows the evolution of the network in grid frequency response by comparing the
VSPS active power control with and without droop control and the DC-link voltage. While the power



Electronics 2018, 7, 108 19 of 24

fluctuation of the wind farm occurs in the grid, the VSPS is dedicated to compensate the fluctuations
accordingly and smaller deviations in the grid frequency are recorded with droop than without droop
control. The waveform of the DC voltage result shows a precise regulated dynamic response and
insignificant deviations for wind power fluctuations. The difference in frequency deviations between
the two control modes is more significant at a higher wind power fluctuation. It implies that the droop
control system is effective for regulating the grid frequency excursions caused by large contingences.
Figure 14b shows the evolution of the frequency comparison between these control modes during
the start-up transient and when a three-phase fault is imposed at t = 30 s for nine cycles. During the
start-up and fault, less excursions in frequency are observed with droop than without droop control.
The time taken to dampen the frequency excursions to their nominal value without droop control is
much longer than with droop. In this case, the droop control quickly and effectively regulates the

frequency dynamics during grid disturbances.
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Figure 14. Evolution of the network in grid frequency response comparing the VSPS active power
control with and without droop control and the DC link voltage as well: (a) while the wind farm power
fluctuation exists in the grid; (b) during the start-up transient and three phase fault.
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3.2.2. AC-Bus Voltage Control and Response

Figure 15 shows the AC-bus voltage regulation and response of the VSPS vector control system with
and without being droop-fed. Two cases with different voltage levels are considered; one at the bus terminal
of the VSPS plant (Bysps), while the other at bus Bsgs in the grid system. In both cases, the AC bus voltage is
improved to its nominal value with droop-control than without it. The AC voltage is well regulated as the
equivalent reactive power is generated by the induction machine to compensate the voltage droop through
the VSC based droop-fed vector control strategy. This verifies the strong known relationship between the
reactive power and the AC-bus voltage stated in the load flow equation.

Figure 15 also shows the relationship between wind power fluctuations and AC voltage at buses
Bysps and Bsgz. When the wind fluctuation is increased, as shown in Figure 15 at t = 15.1 s, there is
greater deviation in the AC-bus voltage at both buses in the conventional vector control strategy while
it remains the same in the droop-fed control mode. This is because of the direct relationship between
the reactive power absorbed from the grid by the induction generator of the wind farm and its active
power generation. Therefore, the fluctuation of the active power generation caused by the wind speed
variation results in higher absorption of reactive power by the induction generator which leads to
AC-bus voltage deviation in the grid. Hence, the VSC based droop control of the VSPS system plays
a key role of balancing the generation and absorption of reactive power in the grid at varying active
power from the wind farm so as to regulate the AC bus voltage.
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Figure 15. Evolution of the network in AC-bus voltage response of the VSPS control system considered at two
buses by comparing the reactive power control with and without droop control while the wind is fluctuating.
3.3. The Frequency and AC Voltage Control and Response During Load Variations

Figure 16 demonstrates the grid frequency and AC bus voltage control and response when 20 MW
load is added to the grid at t = 20 s and removed at t = 40 s in order to compare the performances of the
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control modes between the droop-feed and without it. In Figure 16a, the evolution is the grid frequency
associated with the active power injected at the bus Bsgs and the VSPS active power generation while
the load is added and removed to and from the grid. The frequency tracks its nominal value very
quickly with the droop control than without droop. In the absence of droop control, when the power
imbalance occurs, the frequency is very sensitive for deviation and hardly to control timely. The bus
power injection is also affected by the frequency fluctuation, but with the droop control, it regulates the
power supply/load balance by adjusting the VSPS to increase or decrease its generation accordingly.

Figure 16b simulates the AC bus voltage control associated with the reactive power status of the
VSPS plant. When the load is added to the grid, the AC bus voltage decreases more with the control
system without droop mode, but in the droop mode, the voltage tracks its nominal value, because of
generating more reactive power by the VSPS plant.
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Figure 16. Evolutions of the network in the load variations; (a) in frequency control and response
associated with active power; (b) AC bus voltage control and response associated with reactive power
generation by the VSPS.
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In general, the droop-fed vector control is quite effective to regulate the grid frequency and
AC-bus voltage; in turn, it can help the stability development of the grid which are connected to
a renewable energy resources.

4. Conclusions

This paper presents a study on droop-fed vector control strategy-based doubly fed induction
machine VSPS system for the reduction of wind power fluctuation impact and other contingencies on
grid frequency and AC-bus voltage stability. Mathematical models based on a phasor model technique
is presented. A case study of a grid system having five supplies and two loads with seven buses is
conducted. The grid includes both synchronous and induction machines. Since the rotor speed rotates
synchronously with the rotating magnetic field of the stator of the synchronous machine, the grid
frequency is computed from the rotor speed relationship for measuring and estimating to feed the
VSPS active power control loop. The performance is validated in a MATLAB/Simulink platform.
The results show that the proposed control strategy for the VSPS system achieves better dynamic and
steady state controlling responses of grid frequency and AC-bus voltage in the power system than the
conventional one while the intermittent wind power, load variations three-phase fault and start-up
transients are imposed to the grid with small errors in acceptable ranges in the power grid system.
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Appendix A

The followings are the main parameters of the system used in this paper:

e A VSC DFIM based VSPS plant; turbine rating = 300 MW; rated hydraulic head=165 m; piping
area = 11.15 m?; gate opening at no load = 0.06 pu and at full load = 0.94 pu; base value is taken
as a power of 333 MVA and a voltage of 220 kV

- power capacity = 333 MVA /18 kV, stator resistance and leakage inductance R = 0.0086 pu
and Ljs = 0.152 pu, rotor resistance and leakage inductance R, = 0.007 pu and L;, = 0.187 pu,
magnetization inductance L, = 300 pu, inertia constant, friction factor, and pairs of poles
H(s) =10.6, f(pu) =0.02 and p = 12

- Converter rating = 66 MVA/38 kV DC voltage, the DC-link equivalent capacitance
Ceq =2 x 1072 Farad, the coupling inductor resistance and inductance R = 0.0025 pu
and L =0.25 pu

- The rotor side controller Current loop gains (P; = 1.25 and I; = 15) Active power loop gains
(Pp = 1.5 and I, = 20) Reactive power loop gains (Pq = 0.3 and I = 5.5) Frequency droop
constant (K¢ = 90) AC voltage droop constant (K, = 60)

- The grid side controller Current loop gains (Pjg = 1.1 and Iig = 9) DC voltage loop gains
(Pgc =0.001 and L4, = 0.02)

- Grid connecting transformer: capacity = 350 MVA, 18 kV /220 kV, winding parameters
R; =Ry =0.0025 pu and L; = Ly = 0.08 pu; magnetization resistance and inductance
Rm = Lm =500 pu

e  Two hydropower plants (synchronous generator): each has a power capacity = 200 MVA, 13.8 kV;
and grid connecting transformer capacity = 350 MVA, 13.8 kV /220 kV.
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A diesel power plant (synchronous generator): Power capacity = 15 MVA, 25 kV; grid connecting
transformer capacity = 20 MVA, 25 kV /220 kV.

A wind farm with induction generator: seven turbines 15 MW capacity each, 575 V; and grid
connecting transformer capacity 12 MVA, 575 V /220 kV for each wind turbine

Load = 630 MVA and the system frequency is 50 Hz.
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