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Abstract

The increasing penetration of wind power presents many technical challenges to power system
operations. An important challenge is the need of voltage control to maintain the terminal voltage
of a wind plant to make it a PV bus like conventional generators with excitation control. In the
previous work for controlling wind plant, especially the Doubly Fed Induction Generator (DFIG)
system, the proportional-integral (PI) controllers are popularly applied. These approaches usually
need to tune the PI controllers to obtain control gains as a tradeoff or compromise among various
operating conditions. In this paper, a new voltage control approach based on a different philoso-
phy is presented. In the proposed approach, the PI control gains for the DFIG system are dynami-
cally adjusted based on the dynamic, continuous sensitivity which essentially indicates the dy-
namic relationship between the change of control gains and the desired output voltage. Hence, this
control approach does not require any good estimation of fixed control gains because it has the
self-learning mechanism via the dynamic sensitivity. This also gives the plug-and-play feature of
DFIG controllers to make it promising in utility practices. Simulation results verify that the pro-
posed approach performs as expected under various operating conditions.
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1. Introduction

The global warming problem has received increasing concerns due to pollutant emission, significant portion of
which is produced by the conventional thermal power plant fueled by coal and natural gas. As an important so-
lution to reduce the emission from power generation, renewable energy resources are growing fast in many
countries. Among all renewables, wind energy is the most outstanding one. In the US, most of the states have
Renewable Portfolios Standard, which is an individual state-wide policy aiming at achieving a certain percen-
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tage of their power from renewable energy sources by a certain date, typically targets a range from 10% to 20%
of total capacity by 2020. However, the increasing penetration of renewable energy sources, in particular, wind
energy conversion system (WECS), in the conventional power system has put tremendous challenges to the
power system operators and planners [1] [2].

These challenges include the optimal scheduling of wind power from the longer-term viewpoint, as well as
the stability and control issues from the shorter-term viewpoint. Here, this paper is aimed to address the chal-
lenge of maintaining a stable voltage profile because the voltage and reactive power control is a pressing issue
for DFIG integration. Further, since a wind plant, usually modeled as a PV bus like other generator buses, must
maintain a given voltage schedule, investigation of voltage regulation from the dynamic study is a realization of
a DFIG bus as a PV bus.

A doubly fed induction generator (DFIG) gives better wind energy transfer efficiency as opposed to other
wind generators. They can also offer significant enhancement for transmission support regarding voltage control,
transient performance, and damping [3]. DFIG employs a series of voltage-source converters consisting of a ro-
tor-side converter (RSC) and a grid-side converter (GSC) to feed the wound rotor. This makes it different from
the conventional induction generator. DFIG also has an additional advantage of flexible control and stability
over other induction generators due to its control capacity of these converters [2]. Modeling of DFIG and related
small signal stability analysis can be found in [4]-[7].

The decoupled control of DFIG has been popular in recent research. It has four controllers, named P,
Ve + Vit @Nd Q¢ , Which are required to maintain the maximum power tracking, stator terminal voltage,
DC voltage level, and GSC reactive power level, respectively. The coordinated tuning of these controllers by tri-
al-and-error method can be really difficult [1]. The coordinated tuning using particle swam optimization (PSO) has
been proposed in [8] [9]. The decoupled P-Q control method is used in [10] [11]. The auxiliary control loop to
improve inter-area oscillation damping is proposed in [12] [13]. Moreover, a power system stabilizer for DFIG-
based wind generation using a speed deviation is proposed in [14]. A coordinated tuning of the damping con-
troller to enhance the damping of the oscillatory modes using bacteria foraging technique is presented in [1] and
[15]. The control on DFIG-based system under unbalanced grid voltage conditions has been proposed in [16]-
[18].

Many previous works in gain tuning for DFIG are based on some optimization approaches to reach a tradeoff
or compromise such that the wind system can achieve good, but not always the best performance under various
operating conditions and avoid worst-case performance under some extreme conditions. Different from these
previous approaches for DFIG control, this research work uses a different philosophy to achieve ideal perfor-
mance based on dynamic tuning of control gains for a DFIG-based wind system. A similar philosophy has been
successfully applied in [19] for the voltage control of three-phase distributed energy resources. Here, the pro-
posed dynamic tuning is carried out during the process for stability control, such as regulating output voltage of
DFIG. When the system operating condition varies in real time, the proposed approach can autonomously “learn”
the voltage response change w.r.t. the control gain change such that it can dynamically change the control gains
in real time to achieve the ideal performance. Hence, the desired performance can be maintained with the pro-
posed control using dynamic gain tuning. The structure of this paper is as follows. Section 2 presents the mod-
eling of wind turbine DFIG systems. Section 3 describes the proposed control strategy. Simulation and results
are discussed in Section 4 followed by conclusions and future work in Section 5.

2. Modeling of the Wind-Turbine Doubly-Fed Induction Generator
2.1. Turbine Model

The wind turbine doubly fed induction generator (DFIG) system is shown in Figure 1. The wind power captured
by the wind turbine is converted into electrical power by the drive train, and then transmitted to the grid by a
doubly fed induction generator. The stator side of the DFIG is connected to the grid directly. The rotor side of
the DFIG is connected to the grid through a back-to-back converter system. This converter system can be di-
vided to two components: rotor side converter (C,,,) and grid side converter (Cgrid)' A capacitor is con-
nected between these two converters as the DC voltage source.

The control system generators voltage signals to control the power output, terminal voltage, and DC voltage.
There are three control parts: Rotor Side Control, Grid Side Control, and Pitch Angel Control.
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Figure 1. Wind turbine DFIG system.

2.2. Rotor Side Control System

The rotor-side converter is used to control the wind turbine power output and the voltage measured at the grid
terminal. The wind power output is controlled to follow a pre-defined curve, see Figure 2. The terminal voltage
controller is designed to control the terminal voltage to maintain a constant value such that the terminal of this
wind turbine DFIG system can be modeled as a PV bus according to a particular wind speed.

The rotor side control loop is illustrated in Figure 3. For the rotor-side controller the d-axis of the rotating
reference frame used for d-q transformation is aligned with the air-gap flux.

As shown in Figure 3(a), the terminal voltage is compared to the reference voltage, then the error will be re-
duced to zero by the AC Voltage Regulator, with 1, . as the output. Next, I, will be compared to |, .
and the error will be reduced to zero by another PI controller in the Process part, with V,, as the output. B

As shown in Figure 3(b), P, the power losses, is added to the output power. The sum is compared with
the reference power. A power regulator is used to reduce the error to zero and output 1. ... Then, another PI
controller is used to reduce the error to zero in the Process part and output V,, . These voltage signals will be
fed back to the system as voltage control signals.

2.3. Grid Side Control System

The grid side control system is illustrated in Figure 4. The C_ ., converter is used to regulate the voltage of the
DC bus capacitor. For the grid-side controller the d-axis of the rotating reference frame used for d-q transforma-
tion is aligned with the positive sequence of the grid voltage.

A proportional-integral (PI) controller is used to reduce the error between V,. and V,. ., and the output is
lsge s TOF the current regulator. Here 1, is the current in phase with grid voltage which controls active pow-
er flow. Then, an inner current regulation loop consisting of a current regulator controls the magnitude and
phase angle of the voltage generated by the converter C;,i.e., V. .Here, V, hastwo parts, V. and V,,,
where V. depends on the difference between 1, and the specmed reference lqrer» and Vg depends on
the difference between 1, and 1. . which is produced by the DC voltage regulator and. The current regu-

lator is assisted by feed forward terms which predict the C,;; output voltage.

2.4. Pitch Angle Control System

The pitch angle is kept constant at zero degree until the wind speed reaches a specified value (see Figure 2).
Then, beyond this value, the pitch angle is proportional to the speed deviation from this specified speed. How-
ever, the rotational speed is usually chosen less than the point-D speed because it is of less interest for electro-
magnetic transients [20].

3. Proposed Control Strategy

When there is a drop of the terminal voltage of the DFIG due to wind speed change or load change, it needs to
quickly recover to its scheduled value pre-defined by operators. In the proposed approach, we first define an
exponential curve, as illustrated in Figure 5, as the desired response based on the value immediately after the

voltage drop as the initial value (VO) and the final steady-state value (V,,, , usually the desired voltage sche-
t

follows an exponential increase defined with the shape of 1—e ©, where

inal !

dule). The transition from V, to V;

inal
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t
7 is a user-defined time constant. In other words, the voltage deviation from V., is AV (t)=AVe 7,

which is an exponential decay. Hence, as long as we can keep the voltage response following the desired curve
as shown in Figure 5, the stability will be maintained without instability or overshoot problems.

Here, a period of 57 (i.e., 5 times of the time constant) is chosen as the desired response time because the
voltage after 57 is almost the same as Vy,, (e®=0.007~0 and V (t=>57)=0.993V;,, ~ V). Hence, if
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Figure 2. Wind turbine power characteristics [20].
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Figure 5. Reference voltage curve for the proposed control approach.

the operators prefer the voltage rise time is t, seconds, then the time constant 7 is 0.2t, seconds.

Next, the PI controllers with dynamical adjustment are applied to reduce the error between the actual voltage
response and the ideal (desired) response to zero. Initially, very small values of the PI controller gains are ap-
plied, which lead to a large error. However, the control gains may be gradually increased to speed up the reduc-
tion of the error such that the actual voltage may catch up the desired voltage regulation curve. The increasing
pattern may be stopped when the actual voltage curve is aligned with the desired curve. The above process is
somewhat similar to accelerate a moving object to catching another moving target at the desired velocity. Once
the object reaches the desired velocity, the acceleration may be stopped (to avoid overshoot).

Hence, the above control process differs from conventional PI control and/or gain tuning because of the dy-
namic adjustment of the PI control gains during the voltage regulation process, while conventional PI control
uses fixed control gains during the process or different control gains under different scenarios. Since the pro-
posed control process starts with a small value of control gains, it will not have the overshoot problem at the
very beginning. Then, the gains will be gradually increased such that the actual voltage response can “speed up”
to eventually catch up the desired response curve.

Next, more technical details are elaborated.

3.1. Voltage Control System Configuration

Figure 6 shows the actual control part of the rotor side control. First, the error between the reference voltage and
the actual voltage goes into the first Pl controller, which has flexible PI control gains (i.e., kg) and ki(t ) and
gives updated value of 1, .. The difference between the 1, ., and I, ,; is the initial value for the second
fixed-gain controller. Hence, we can obtain the equation to calculate the output of the first PI controller as fol-
lows:

t+1
It(itr)_ref = I(gtrzinit + kg) (Vrfstf) _Vt(t) ) + kl(t) .[ (Vrgf) _Vt([))dr (1)

The second fixed-gain (i.e., k, and k; in Figure 6) Pl controller is used to control 1, ;,, to reach its
reference value 1, .. . The equation to calculate the output of the second PI controller is given by:
t+1 t+1 t+1
AVY = kp{kg) (VA )k T (v —Vt(‘))dr}+kil {kgp (VA -k T (v —Vt(‘))dr}dr @)
t t t
The sampling frequency is usually very high (at the level of multiple kHz) so dz is very small. Then, we
can linearize the above equation based on the sampling frequency as follows:

AV = (Vi) =V ) (kg + k7 + kP d+ Kk ded 7 ®)

ref
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Figure 6. Terminal voltage control loop.

3.2. Sensitivity ¢

We may define a sensitivity ¢ as follows:

—! )

§0 = =
AVd(t) Vd(t) vV d(til)

This sensitivity ¢ shows the amount of Vt(‘) change when there is a small change of Vd(‘). It represents the
intrinsic relationship among control variables affecting the voltage control process. This sensitivity ¢ is re-
lated to the entire DFIG system, or the “plant” model. With a small change to Vd(‘) applied at each step in a
very small interval, this ¢ should be almost constant within several sampling periods.

In this DFIG design, Vd(t) is an intermediate parameter. It can be expressed as follows:

Vy =Ry, —(0-a,)(L, +L,)i, —(0-o,)L,i 5)

m'qs

Since Vt(t) is the terminal voltage of stator, it can be written as:

V, =, /\_/qﬁ +V2 (6)

In DFIG, the positive sequence phasor model for the asynchronous machine can be written as
Vg = Riig + o[ (L + Ly, )igs + Lyl | (7

Vye = Riigs = [ (Lis + Ly )igs + Lyl | (8)

m-qr

Hence, we have

oz +vi)
A2 2 _
AVt a( s +Vds ) 6Iqs Vqs Rs _Vds (Lls + |-m )a)

p=""t= - - (©)

AV N Ny _(\J “qi +Vg, )(a)—a)r )L

i,

With R, <L, and L, «L,,wehave
Vi 1

P W o) (@),

where, V. and i, are the qg-axis stator voltage and current, respectively; V, and i, are d -axis stator
voltage and current; R, and L, are stator resistance and leakage inductance; R, and L, arerotor resis-
tance and leakage inductance; L, ismagnetizing inductance; @ and e, are synchronous speed and electric-
al angular velocity. All the values are in per unit [20].

(10)

3.3. Initial Values for Control Parameters: kg) and ki(t)

Here, kE)O) and ki(o) can start from very small values. This subsection gives a systematic approach to identify
the upper bound of such “small values”. To simplify our control approach, we may update these two parameters
each step with a constant proportional relationship given by

k(") = ak!! (12)

where, a is a constant number. The choice of this « value is elaborated in the next subsection.
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Then, we have

kp kgy + ke d e +k ke +ak(k,drdr)

Avd(t) = (Vr(etf) _Vt(t))( p
(12)
= (Vi) =V ) (K + ark yd + i dr + akydd ).
Since V, islessthan V., we have
(Vt(l) _Vt(O)) < (Vr(e(f)) _Vl(O)) 1 (13)
w = S =
AV AV k(P (Kgy + otk yd 7 +kyd 7 + ok dzdz)
Therefore, we have
1
KO < (14)

(kpl +ak,dr+k,dr +aki1drdr)go

To ensure kg") is less than the right-hand side (RHS) of (14), we may set kg") less than the minimum value
of the RHS of (14). Hence, as long as we have (15), Equation (14) will be always satisfied.

k(o) < (w_ @, )init (15)
P (Kyy + akyd7 + kyd 7+ ok dzdr)

Equation (15) gives the upper bound of the initial value of the control gains. It can guarantee that kg") and
ki(°) are small enough such that overshoot does not occur from the beginning. Since the above derivation al-
ways takes the conservative side, this should give relatively slow start w.r.t. the desired response curve. This is
preferred because it is always desired to start with conservative values, and the initially slow response can be
accelerated at a later time while aggressive initial values may immediately lead to undesired overshoot.

3.4. Dynamic Update of kg) and ki(t)

The key of the proposed control is to dynamically adjust the control gains, k, and k;. Here as previously
mentioned in (11) in Section 3.3, k; and k, are assumed to keep a constant ratio given by, i.e., ki(‘) = a|k§).
The value of o represents the ratio of the effect caused by the proportional part and the integral part of the
PI controller. Essentially, the result is expected to be like the curve in Figure 7.
The effect of the integral part is set roughly equal to the effect of the proportional part when the difference
between the reference and the terminal voltage reaches the maximum. If the time needed for the process is t", it
is assumed that the time needed for the difference to reach the maximum at 0.5xt*. So a can be roughly

calculated as follows:
_ & _ (Vref _Vt )max - (Vref _Vt )max E (16)

kf)t) J‘:th* (Vref _Vt )dt - O'S(Vl’ef _Vt )max t* t*

1.01

1.008

1.006

1.004

1.002

Figure 7. Expected result case.
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Also, we consider the control gains are changed by a co-efficient £ from the time t totime t+1. This is
given by

+1
kg ) =ﬂk§) @an
Assuming the “catching-up” process ends after t*, then we have:
kOB T <k (18)

where f, is the sampling frequency and t"x f, is the number of updates for k, . The limit of k,, or k;"ax ,
is given by (19), which is elaborated in detail in the next subsection.
ke < 1 (19)
O™ (ko +akyd7 +k,d7 + akydzdr)

where @™ is the largest value of ¢ which is dynamically updated during the control process. Then, we

have
* 1
ko t fg < kmax < 20
P o™ (Kyy ok ydr K d T+ akydrdr) (<0)
Hence, the value of £ can be chosen as:
-1
B =] k0™ (Ky + akyd +kydr +ak dedz) [ (21)

3.5. Limit for kg)

The goal of the proposed method is to control the terminal voltage such that it can reach the final value smoothly
following the ideal response curve as much as possible. At the beginning of this voltage control process, the er-
ror between the reference and the voltage increases and essentially reaches the peak value. Then, it starts to de-
crease. As previously described, here the dynamically adjusted control gains play as the “acceleration factor” or
“de-acceleration factor” during this control process. By doing so, the voltage error may go to zero without going
to negative (i.e., overshoot). Thus, there should be a maximal value of k. From (4), we know

(V0 -v) = avye (22)
With (12), we can obtain
(V) = (V) MOk (kg + ki + kyde + akydrdr) g (23)
It is necessary to ensure the following equation such that there will not be any overshoot
(V2 -v) < (v V) (24)
Hence, we have
(VA7 V) (kg + a7 + ki + ek drdr ) < (V) -V ) (25)
Therefore, we have
ki (K, + akpyd 7 +kyd 7 +ak,dzd ) p <1 (26)
kD < ! 27)

P (kpl+akpld7+ki1dr+aki1drd1’)¢7

To ensure that k() is less than the right-hand side (RHS) of (27), we may set k! less than the minimum val-
ue of the RHS of (27), which occurs at ¢ = ™ . Hence, as long as we have (28), Equation (27) is always ensured.
1

kp™ < (28)
O™ (Kyy + ok yd7 + K d7 + arkydzd )

®




Z.Q.Jin, C. Huang

3.6. Flow Chart

The whole control process is briefly presented in the flowchart shown in Figure 8.

4. Simulation and Results

The power system under study is as shown in Figure 9. The wind farm, which consists of six 1.5 MW wind tur-
bines, is connected to a 25 kV distribution system. This farm exports power to a 120 kV grid through a 30 km 25
kV feeder. A 2 MVA plant consisting of a motor load and of a 200 kW resistive load is connected on the same
feeder at bus B25. A 500 kW load is connected to the DFIG system [20].

In this section, first, a demonstration of inappropriate fixed Pl gains is shown to verify the importance of PI
gains. Then, several case studies are carried out to illustrate that the proposed approach of dynamically adjusted
PI gains can achieve desired performance under various operating conditions.

4.1. Demonstration of Instability with Inappropriate PI Gains

As previously mentioned in Sections 1 and 2, the motivation of this paper is to present an approach to avoid the
potential instability raised by fixed control gains. With inappropriate k, and k; values, different responses
like unstable response, stable but oscillating response, or sluggish response may happen. The results from an
example are shown in Figure 10 for the case that the reference voltage changes from a stable state value 1.0 p.u.

Start

Monitoring
voltage

Initialize

Ko and ki

Terminate

k, and k;

Yes| Setk,and kito
limit values
No

Figure 8. Flow chart showing the control
process.

B120
(120kV)

B575 575V/25kV B25

6*2MVA 10 km20 km (25kV)
line line
.) {1

25kV/120kV
47 MVA
Ground

Transformer
9 MW Wind Farm

(6*1.5MW)

Figure 9. Sample power system with DFIG for simulation study.
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Figure 10. Results demonstration in stability when inappropriate fixed control gains are chose as k, =4.5 and
k; =1080 . (a) Real power output; (b) Reactive power output; (c) Terminal voltage; (d) DC voltage.

to 1.01 p.u. to mimic a small disturbance. Control gains of k, =4.5 and k; =1080 are chosen. The results in-
clude active power, reactive power, terminal voltage, and DC voltage.

4.2. Case One: Set Final Voltage to 1.01 p.u.

As mentioned in the opening part in Section 3, users may define the desired time to regulate the terminal voltage
from the time of disturbance to the final steady-state value. Here the transient time for voltage is set to 0.5
seconds since this is fast enough before other conventional (usually much slower) voltage controls take effect or
are activated. Since an exponential decay of the voltage difference, i.e., AV (t)= (Vg —Vio)e ™", is preferred
with 57 as the desired transition time, 7 is 0.1 sec in this and the next a few studies.

In this case study, a step change of voltage reference is made from 1.0 to 1.01 per unit. The dynamically ad-
justed control gains are employed. As shown in Figure 11, a smooth transition can be achieved. Note that the
control gains such as k, change dynamically. As shown in Figure 11(b), initially, the terminal voltage lags
the desired voltage. Then, it gradually catches up the desired voltage growth curve. Once it reaches the desired
curve, the control gain k,, stops increasing and the actual curve matches the desired curve very well. Figure
11(c) shows the dynamic values of k_. The above process is similar to accelerate a moving object to reach the
desired velocity. Once the desired velocity is reached, the accelerating factor (i.e., k,) may stop increasing and
remain the value at that point.

Figure 11(d) shows the value of ¢ and Figure 11(e) shows the value of V. , which is maintained at 1200 VV
as expected.

4.3. Case Two: Set Final Voltage to 1.04 p.u.

Figure 12 shows the results of Case Two, in which the voltage reference is changed from 1.0 to 1.04 p.u. to
mimic a larger disturbance. The results are very similar to the previous case study, and similar observations can
be made.

4.4. Case Three, Four, and Five: Load = 200, 800, and 1100 kW, Respectively

Different loads may have different effects on the terminals voltage of the wind turbine DFIG system. Hence,
three additional case studies are performed. These cases are similar to Case One, but differ in the amount of load.
Considering the load in Case One is 500 kW, the load levels in Cases Three, Four, and Five are changed to 200
kW, 800 kW, and 1100 kW, respectively. The results of the three most important variables, voltage error in p.u.,
voltage in p.u., and V,, in volts are shown in Figures 13-15, respectively. Other variables are not shown due to

space limit.
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As observed in these figures, the proposed control approach gives dynamically adjusted control gain k, to
catch up and then follow the desired performance very well.
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Figure 11. Results as new final voltage set as 1.01 p.u. to mimic a small disturbance. (a) VVoltage error (difference);
(b) Actual & ideal voltage curve; (c) Control gain ky; (d) Sensitivity ¢ (™ = 0.02); (e) DC voltage.
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Figure 12. Results as new final voltage set as 1.04 p.u. to mimic a small disturbance.
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Figure 13. Results for case three (load = 200 kW).
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Figure 14. Results for case four (load = 800 kW).
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Figure 15. Results for case five (load = 1100 kW).

5. Conclusions and Future Work

In this paper, a new DFIG voltage control approach based on a philosophy different from the previous works is
presented. In the proposed approach, the PI control gains for the DFIG system are dynamically adjusted based
on the dynamic, continuous sensitivity which essentially indicates the dynamic relationship between the change



Z.Q.Jin, C. Huang

of control gains and the desired output voltage. Hence, this control approach does not require any good estima-
tion of fixed control gains because it has the self-learning mechanism via the dynamic sensitivity. This also
gives the plug-and-play feature of the proposed DFIG controller to make it promising in utility practices. Simu-
lation results verify that the proposed approach performs as expected under various operating conditions.

Future works may include the study of multiple wind plants in a system as well as the control of real power
especially when an energy storage system is connected to the wind plant.
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