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Abstract: In this paper, we design an optimal controller for a wind turbine (WT) with doubly-fed
induction generator (DFIG) by decomposing the algebraic Riccati equation (ARE) of the singularly
perturbed wind turbine system into two reduced-order AREs that correspond to the slow and fast
time scales. In addition, we derive a mathematical expression to obtain the optimal regulator gains
with respect to the optimal pure-slow and pure-fast, reduced-order Kalman filters and linear quadratic
Gaussian (LQG) controllers. Using this method allows the design of the linear controllers for slow
and fast subsystems independently, thus, achieving complete separation and parallelism in the design
process. This solves the corresponding ill-conditioned problem and reduces the complexity that arises
when the number of wind turbines integrated to the power system increases. The reduced-order
systems are compared to the original full-order system to validate the performance of the proposed
method when a wind turbulence and a large-signal disturbance are applied to the system. In addition,
we show that the similarity transformation does not preserve the performance index value in case of
Kalman filter and the corresponding LQG controller.

Keywords: wind turbine generators; double-fed induction generator; singular perturbation; model
order reduction; kalman filter; linear quadratic gaussian controller

1. Introduction

Wind turbines, having mechanical and electrical components, are known to operate in at least
two time-scales: the slow time scale in which mechanical state variables evolve and the fast time
scale in which electrical and electronic state variables evolve. The result is the “stiff” numerical
problem that happens naturally in power systems due to the presence of “parasitic” parameters
such as small time constants, masses, resistances, inductances, capacitances, moments of inertia, etc.
Singular perturbation methods eliminate the stiffness problem and decouple the original system into
slow and fast reduced-order subsystems. A reduced-order system can be obtained through ignoring
the fast subsystem and compensating for its effect by introducing a “boundary layer” correction to
the slow subsystem towards a better approximation for the original system. Various methods have
been proposed [1,2] to obtain the exact slow and fast subsystems. The Chang transformation [3] has
been widely used to get the exact pure-slow and pure-fast subsystems, even when the perturbation
parameter € is not very small. Moreover, a number of recursive algorithms [4-6] have been developed
to avoid the problems involving ill-conditioned systems and to obtain an approximate solution to the
algebraic Riccati equation (ARE), which can be decomposed after that into slow and fast parts.

Double-Fed Induction Generators (DFIGs) are characterized by consuming less reactive power,
inflicting less mechanical stress on turbines, and allowing the control of the active and reactive power
to be decoupled. As such, DFIGs are commonly used in variable-speed wind energy systems [7].
However, due to their poorly damped eigenvalues, modeling and control of DFIG-based wind systems
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is more complicated than that of other induction generators. This is further exacerbated by the
sensitivity of DFIGs to grid disturbances, which may, under certain operating conditions, render the
system unstable [8].

Time scale analysis and optimal control of wind energy systems have been widely explored [9-14].
Using time scale analysis, in [9] the linear quadratic regulator (LQR) and LQG controllers were
designed for deterministic and stochastic wind energy systems with permanent magnet synchronous
generators (PMSG). In [10], the LQR controller was designed for a DFIG wind turbine and compared to
current-mode control under different types of disturbances affecting the wind turbine system. The LOR
controller is used in [11] for the pitch angle control, and in [12] to control the oscillatory behavior
towards improving the stability, of the DFIG connected to the grid. In comparison to the balanced
reduction methods in [13], time scale and singular perturbation analysis provide better results in
reducing the order of the DFIG-based WT system. A LQG-based power oscillation damping controller
is designed in [14] to provide the supplementary reference signals for the active and reactive power of
the DFIG wind generator and to enhance the damping of poorly damped modes.

In this paper, the method of singular perturbation will be used to design LOR, Kalman filter, and
LQG optimal controllers in two independent time scales for a fifth-order single-cage DFIG wind turbine.
Here, the ARE of the singularly perturbed wind turbine system is decomposed into two reduced-order
AREs that correspond to the slow and fast time scales. Using this method allows designing linear
controllers for the slow and fast subsystems independently, thus, achieving complete separation
and parallelism in the design process. The advantages of such an approach are alleviating stiffness
difficulties and reducing computational complexities and dimensionality burdens resulting from the
increased penetration of wind turbines to the power grid.

The rest of this paper is organized as follows. In the next section, the wind turbine and
DFIG dynamics are reviewed and the state space model of the fifth-order single-cage DFIG wind
turbine is presented. Section 3 reviews the exact decomposition method of the ARE. The optimal
performance-invariance of the LOR under similarity transformation is considered in Section 3.1.
In Section 3.2, the slow and fast decomposition of the optimal performance criteria is provided.
The Kalman filtering time scale analysis is reviewed in Section 4. The effect of similarity transformation
on the optimal performance of the Kalman filter is derived in Section 4. In Section 5, Optimal LQG
Control is discussed. The performance index of the LQG under the similarity transformation and LQG
slow and fast optimal performance criteria are derived in Sections 5.1 and 5.2, respectively. Simulation
results are presented in Section 6. The paper is concluded in Section 7.

2. Modeling Wind Turbine with Double-Fed Induction Generator

The mechanical power collected from the wind can be formulated as:
Py = 2 prR203Cy(A 1
m = 5 PTRTT p(A, B) )

where p is the air density [Kg/ m3], R is the radius of the turbine in [m], v is the wind speed [m/s],
Cp(A, B) is the power coefficient of the wind turbine that describes the efficiency of power extraction.
Cp is a nonlinear function that depends on the blade pitch angle B and the tip speed ratio A, which is
given by

_ Ruwy

A=— @

where w; is the rotor angular velocity. C, is a measure for power performance of the wind turbine.
Using the turbine characteristics, the latter can be approximated as:
G =5

Ch(AB) =i~ Cap Ca)e ™ +Coh @)
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where A; can be calculated approximately as follows

1 1 0.035

A A+0088 B+l @

The coefficients C;,i = 1,2, ...,6, depend on the turbine design characteristics and are given in
Appendix A.2. The maximum mechanical power Py collected by the wind turbine is

Popt = P”Rscpfoptwgpt/mow = kopt“’gw ©)

which requires maintaining A at its optimum value A,y and the pitch angle at § = 0. Figure 1 shows
a typical wind turbine characteristics with the optimal power extraction Ppp;. As the wind speed
varies, the controller plays the role of ensuring that the wind turbine follows the optimal power curve
in Figure 1a.
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Figure 1. Maximum power extraction characteristic for wind turbines. (a) Optimal power-speed
characteristics (b) Torque-speed characteristics.

A wind turbine converts the mechanical power of the wind rotating the blades of the turbine
into electrical power. In this paper, the one-mass derive train model is considered in which the total
inertia H; is the sum of the turbine rotor and generator inertias. The dynamics of this model can be
formulated as the differential equation:

dw
2H; dtr =Tn—T. (6)

where T, is the mechanical torque and T, is the electromechanical torques.

A typical configuration of a utility grid involving a DFIG is shown in Figure 2. For a simplified
mathematical model, all equations of the induction generator are derived using the direct-quadrature
(d-q) transformation. The stator and rotor voltage equations in d-g synchronous reference frame are
given, respectively by:

O4ds ids _qu 1d lpds

— R, || 4 L L1a 7
[qu‘| s qu Wg l/JdS ‘| wp dt lqus ( )
Ogr idr —qur 1d lpdr

=R, | + sw + —— 8
|}’qr ’ Lgr ’ Yar ‘| wy dt Pyr ®)

where the subscripts s and r denote the stator and rotor quantities while subscripts g and d denote the
components aligned with the g-axis and d-axis reference frames, respectively. In (7) and (8), Rs and
R, are the stator and rotor resistances, respectively, and w;s and wy, are synchronous and base angular
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frequencies, respectively. s is defined as the slip of the generator and given by s = (ws — w;)/ws.
The corresponding magnetic flux equations are given by:

Ygs = Lsigs + Lmigy
lpqs = Lsiqs + Lmiqr
Yar = Lyigy + Linigs
qur = Lriqr + Lmiqs

©)

where Ls, Ly, and L, are stator, rotor, and self magnetizing reactances, respectively. Ls and L, are
defined by the following equations:

Ls=Lis+ Ly

(10)
Ly =Ly +Ln

Utility Crid

I

Figure 2. A typical configuration for a DFIG-based wind turbine.

In [15,16] a synchronous reference frame was considered to derive the mathematical model.
The following assumptions were imposed: (a) The stator current is assumed to be negative when
flowing toward the machine; (b) g-axis is 90° ahead of the d-axis with respect to the direction of rotation.
In this paper, the current model of a single-cage DFIG wind turbine reported in [15,16] is considered.
The general linearized state-space current model is given by:

(11)

where A, B, C, and D represent the system state, input, output, and feed forward matrices, respectively.
The state-space variables, inputs and outputs of the fifth-order single-cage DFIG wind turbine can be
described by the following vectors:

T
£=lig s inr i) (12)

U= [vds Ugs  Ugr vq,}T, Y= [idr iqyr (13)

where the state variables x are the rotor and stator currents, the control signals u are the input voltages
and the outputs of the system y are the rotor currents in the d-axis and g-axis, respectively. In terms of
state variables, the electromechanical torque can be formulated as:

T, = L (igrigs — igrigs) (14)



Energies 2020, 13, 287 5o0f 22

using (6) and (14) we get

Wy = THt + Tl—lt(i’%ids - idri‘is) )

The state-space model of the fifth-order single-cage DFIG wind turbine is obtained by integrating
Equations (12)-(15). The new state variables, control signal and outputs are given as follows:

T
x:{ids lgs lgr lgr Wm} (16)

u= [vds Ugs  Ugr Ugr Tmr, y= {id, iqr}T (17)

The linearized system, control and output matrices A, B, and C, evaluated at the system’s
operating points, are characterized by [10,15,16]:

[—RsL, ajws —RyLy —Brws ais -L, 0 Ly 0 0
—ajws  —RsLy  —Brws —RyLy  azs 0 —-L, 0 L, O
A= Kg- |—RsLy  Bsws —R/,Ls —warws az|, B=Kg:-|—Lnm 0 Ls O 0,
—Bsws —RsLy  apws —R/Ls  ays5 0 —L, 0 Ls 0
L Kwiqr *Kwidr *Kwiqs Kwids 0 i 0 0 0 0 ZLH, (18)
00100 00 0 00O
C_00010’D_00000

where ay = LsL, —sL2,, ap = L2, —sLsL,, Bs = LyLs(1—5), By = LyL,(1—5), o =1—12,/L,Ls,
Kg = wb(LSL’r‘U)_lr Ky = Lm(ZHtKG)_lz a5 = Lm(Lmiqs - Lriqr); a5 = Lum(—Lmigs + Lrig),
azs = LS(Lmiqs — Lyiqr), ass = Ls(_Lmids + Lridr)o

Appendices A.1-A.3 lists the parameters of the system and the DFIG, in addition to the operating
points employed in the linearization procedure.

3. Exact Decomposition of the Algebraic Riccati Equation

Consider the linear singularly perturbed control system:

Xl(t) = A1xq (t) + AzXz(t) + Blu(t)

(19)
GXZ(t) = A3zxq (t) + A4X2(t) + Bzu(t)

where x;(t) € R", i = 1,2, u(t) € R™ are the state variables and control variables, respectively.
€ is a small positive singular perturbation parameter that indicates system separation into slow and fast
time scales. We assume that the singularly perturbed system (19) has the standard singular perturbation
form [1]. Hence, the fast subsystem matrix A4 is nonsingular, which is a standard assumption in the

singular perturbation theory [1]. The corresponding linear-quadratic optimal control problem of (19) is
defined by:

X1 (i’) = Alxl(t) + AzXz(t) =+ Blu(t), X1 (0)

X10
exy(t) = A3x1(t) + Agxo(t) + Bzu(t), xz(O) b

(20)

20

where the control vector u € ™, has to be chosen such that the following performance criterion, |,

is minimized
T
. —minl | |xi(t) x1(t)
rr}}n]_ u 2/0 {[xz(t)] Q[XQ(t)

ul (£)Ru(t) }dt (21)
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where R > 0 and Q > 0 are the weighting matrices. The optimizing performance criterion (21)
of the closed-loop optimal control problem, subject to the singularly perturbed system differential
Equation (20), has the solution

u(t) = —R7'BTPx(t) = —Fix1 — Faxp (22)

where P is the positive semidefinite solution of the regulator algebraic Riccati equation given by [17]

0=PA+ AP, +Q—DPZP, (23)
with
Aq Ar Q1 Q2
A= , Q= 24
1Ay 1Ay leT Qs 24

B= , Z=BR !B

€

By P, — Py €by,
1|7 777 |ePf  epy,
The optimal regulator gains F; and F, are given by

Fi = R'(B{P;, + B P},)

(25)
F, = R Y(eBl P, + BIP,,)

The solution of the algebraic Riccati Equation (23) will be found in term of solutions of the
reduced-order, pure-slow and pure-fast algebraic Riccati equation. For this purpose, a nonsingular
transformation T [18,19] is applied for the state-costate equations such that they become completely
decoupled as independent slow and fast subsystems in the form

ZS(t) = (a1 +a2Pys){s(t)

. (26)
eCr(t) = (by +baPrs) (1)

where Prs and P, are the unique solutions of the exact pure-slow and exact pure-fast completely
decoupled algebraic regulator Riccati equations

0 = Prsay — agPrs — a3 + Prsao Prs 27)
0= Prfbl — b4P,,f — b3 + PrbePrf
Matrices a;, b;,i = 1,2,3,4, can be found in [18,19]. The nonsingular transformation T is given by:

T = (ITy +11,P) (28)

The slow and fast subsystems in the new coordinate are related by:

Even more, the global solution P, can be obtained from the reduced-order exact pure-slow and
pure-fast algebraic Riccati equations, that is

-1
Prs 0 Prs 0
! P,f] ) (lez ! ny]) 0

Known matrices Q);, i = 1,2,3,4, and I1;, I, are given in terms of solutions of the Chang
decoupling equations [18,19].

Prsf = <Q3 +y
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3.1. Optimal Performance Invariance to Similarity Transformation

It has been shown in [20] that similarity transformation preserves the optimal performance criteria
for the linear quadratic regulator LQR, such that its optimal values in the two coordinate systems are
equivalent. This results can be derived briefly as follows:

The similarity transformation for the linear quadratic optimal control problem can be derived
as follows:

X = Ax + Bu,, ¥ = Ax + Bu,
x(0) = xo, xo = Txo,
=3y (xTOx + uZRu)dt x=Tx J=3J (x7Qx+ u?Ru}dt
Jopt = 5x0Px0 Jopt = 3%0Px0
ATP4+PA+Q—-PBR'BTP=0 AP+PA+Q—-PBR'BTP =0
Derivations:
%= Tx = TAx+ TBu = TAT '% + TBu (31)
A=TAT™!, B=TB, Q=TTQT (32)
AP+PA+Q—-PBR'BTP=0 (33)
T-TATTTP + PTAT ' +Q — PTBR'BTTTP =0 (34)

Multiplying by TT from the left and by T from the right we get
ATTTPT + TTPTA +TTQT — TTPTBR'BTTTPP = 0 (35)

define P = TTPT, P=T"TPT}, then

ATP+PA+Q—PBR'BTP =0 (36)

7 1 5. L S L 7
Jopt = ExOPxO = ExOT T 'PT "Txg = Exo Pxg (37)
]_opt = Iopt (38)

3.2. Slow and Fast Decomposition of the Optimal Performance Criteria

In this section, we calculate the minimized optimal performance J,,; for the slow and
fast subsystems of the LQR problem. As stated in the previous section, using the nonsingular
transformation defined in (28) does not change the value of the optimal performance. Therefore,
by adding the slow and fast performance indices, we get the total optimal performance o+ obtained
in the original coordinates. The quadratic performance criterion to be minimized, calculated in the
new coordinates, is given by:

= %/Ow {xTQx n uTRu}dt - % /Ooo {xT(t)(Q + PSP)x(t)}dt (39)
_ | m®)| _ e |m(h)

_ 1o im) | o m)| _1 2im)] |Q Q2 [m(t)
I=2) lam]T (Q+PSPIT [am] 2 lam] leT QJ lm] oo
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C1(t) = (a1 + axPs) 01 (1)

. (42)
€Ga(t) = (b1 + baPr)0a(t)
1L[n©] , [m(0)
_ 1M m T _
] 2[@1(0) 1% Lol ATV £ VA+0=0 (43)
- 1 1 €0p 111(0)
I= 2 [’71T(O) 1T( )} |f-30T €v3 §1(0)] (44)
J = 2T ()0 +ecT O] ¢ enf (0)os + gt (0)0s] |10 (45)
2 21(0)
= 31T )01 (0) + 3e6T (0)o3 71 (0) + 3enf (0)0at (0) + 5e2] (023 (0) (46)
J = 31T ©)011(0) + 1] (0)0201(0) + 7edT (0)est (0 )
_],_/ TJ %],_/
s—opt pt f—opt
Iopt = ]s—opt + ]sffopt + ]ffopt (48)
Jo-opt = 1] O)0111(0) = Jtr{ovm )7 (0)) )
J5-opt = 561 (0)2321(0) = Str{va81(0)¢] (0)} (50)
]sffopt = 6771T(0)02€1 (0) = etr{valn (O)U;(O)} (51)

Formula (47) constitutes an exact decomposition for the optimal performance criterion into slow
and fast components. It can be concluded from (47) that the contribution the slow subsystem makes
to the performance criterion is O(1), whereas that the fast subsystem makes is only O(¢e). Note also
that Jss_ops can be negative since v; is generally not a square matrix, and in the case it is, it would still
be indefinite.

4. Kalman Filtering Time Scale Analysis

In this section, an optimal Kalman filter is designed to estimate the state variables of the wind
energy systems with DFIG. Using the duality property between the optimal filter and regulator,
the same decomposition method presented in previous section can be applied here so that the optimal
Kalman filter is completely decoupled into the pure-slow and pure-fast local filters both driven by
the system measurements [17]. Consider the linear continuous-time invariant singularly perturbed
stochastic system

X1 (t) = Apxq(t) + Axxa(t) + Buu(t) + Grwy (t),  E{x1(0)} = x10
€xa(t) = Asx1(t) + Agxa(t) + Bau(t) + Gowq (), E{xz(O)} = X0 (52)
y(t) = Crx1(t) + Coxa(t) +wa(t)

with the performance criterion

J = lim 1{ /Ot [ZT(t)z(t)+uT(t)Ru(t)]dt}, R>0 (53)

where x1(t) € R}, and x(t) € RN}, are slow and fast state variables, respectively. u(t) € %" is
the control input, y(t) € R are system measurements. w1 (t) € R" and wy(t) € R? are zero-mean
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stationary, white Gaussian noise stochastic process with intensities W; > 0 and W, > 0, respectively.
z(t) € R°, is the controlled system output given by:

z(t) = Dyx1(t) + Dox () (54)

All matrices are of appropriate dimensions and assumed to be constant. The optimal control law
for (52) with the performance criterion (53) is given by:

uopt (t) = —F1%1(t) — Fa%a(t) (55)

where %1 (t) and £,(t) are the optimal estimates of the state vectors x; (¢) and x; (f) obtained from the
Kalman filter

1(t) = A121(8) + A% (t) + Biu(t) + Kyo(t)
sz(t) = A33?1(t) + A4XA2(t) + Bzu(f) + sz(t) (56)
o(t) = y(t) — C121(t) — Cata(t)

The optimal global Kalman filter (56) can be put in the form in which the filter is driven by the
system measurements and optimal control inputs, that is

J’él(t) = (Al — chl)fl(t) + (Az — K1C2)3?2(t) + Blu(t) + Kly(t)

$ o o (57)
€Xp(t) = (Az — KpCq)%1(t) + (As — KoCp) %2 (t) + Bou(t) + Koy(t)
where the optimal filter gains K; and K are obtained from
Ky = (PirCl + PorCy )W, !
1= (PirCy + PorCy)W, (58)

Ky = (ePC] + PspCIW, !

matrices Pir, P,r and Psr define the positive semidefinite stabilizing solution of the filter algebraic
Riccati equation

APp + PpAT — PpSPr+ GW,GT =0 (59)
where
Aq Ap Gy Tia—1 Pir Por
A= ., G= , S=cTw;lc, Pr= (60
t lag et 2O BT ik :

Using duality, the following matrices have to be formed (see [18,19])

T AT —awylal| o Al —CTwy G,
1F — —G1W1G1T _Al ! 2k = —leng _AZ ’
(61)
T — Al —agwylal| oo Al —cIw, G,
T -GG —As |7 YT |—Gomc] —A, |7

The partitions and scaling have to be used here, xT(t) = [x] (t) ex] ()] and pT(t) = [pF(t) pI(t)].
Since matrices Tir, Tor, Tar, and Ty correspond to the system matrices of a singularly perturbed linear
system, the slow-fast decomposition is achieved by using the Chang decoupling equations

TypM — T3p — eM(Tip — TopM) =0

(62)
—N(Tyr + eMTor) + Top + €(Tip — TopM)N =0
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Using the following permutation matrices,

I, 0 0 0 Iy, 0 0 0

0 0 Iy 0 0 0 Iy 0
Eir = ! , Er= ! 63
"“lo i, o 0 700 5, o0 0 (63)

0 0 0 Iy 0 0 0 In,

we can define
HlF Hzp T 12,1 eNM —eN
Iy = =E ! E 64
F lnsp Iy 2k M Iy, " (64)
Then, the desired transformation is given by:

Tz = (Ilip + T1op Pr) (65)

where Pr is the solution of the ARE (59). M and N are the solution of the Chang decoupling algebraic
Equations (62). The transformation T is applied to the filter variables as:

_ 7T
i =2 s

Kalman Filter Under Similarity Transformation

To determine the gain of Kalman filter in the new coordinates under a similarity transformation,
the same strategy used in Section 3.1 is applied here

x(t) = Ax(t) + Gwy(t), x(0) = xo

(67)
y(t) = Cx(t) +wa(t)
£=(A—-KC)%+Ky, K=PCTW,, E{2(0)}=x (68)
AP+ PeAT + GW,GT — PrCW, ICTPr =0 (69)
i(t) = /_ix(t) + Gw(t), x(0) = xp 70
y(t) = Cx(t) + wa(t),
G=TG, C=CT7!, in thenew coordinates K = PrCTW, and
AP+ PrAT + GW,GT — PrCTW, 1CPr =0 (71)
TAT 'Pr + PeT TATTT + TGW,GTTT — PrT-TCTW, ' CT ' Pr = 0 (72)
Multiplying by T~ from the left and by T-T from the right we get:
AT BT T4+ TP T TAT + GWGT — T P T TCTW ICT 1P T T =0 (73)
K =TP:T'T-TCTW, = TP;CTW, = TK (74)

where Pr = T 10T~ T, P = TPpTT

5. Optimal Linear-Quadratic Gaussian Control

In order to obtain the solution of the linear-quadratic Gaussian LQG control problem of
a singularly perturbed DFIG wind turbine system, it is necessary to obtain gain matrices of the the
optimal LQR and Kalman filters. In this section, the results of Sections 3 and 4 are utilized by solving



Energies 2020, 13, 287 11 of 22

the pure-slow and pure-fast, reduced-order AREs and by implementing the pure-slow and pure-fast,
reduced-order Kalman filters. Using the separation principle for linear stochastic control, an optimal
LQG controller can be designed for slow and fast subsystems independently, thus, achieving complete
separation and parallelism in the design process. The structure of a LQG controller with a decoupled
slow and fast subsystems of the LQR and Kalman filter is shown in Figure 3. The decoupled pure-slow
and pure-fast local Kalman filters driven by system measurements and system control inputs are
given by:

ﬁs(t) = (alF + ‘ZZFPSF)TUAS(t) + Bsu(t) + Ks]/(t)

R (75)
efir(t) = (bip + barPre) T p () + Bru(t) + Kpy(t)
where Psr and Pgp are the solutions of the following AREs
0 = Psparp — aspPsp — asp + PspaopPp 76)
0 = Pgpbip — bapPgr — bsp + Prpbop Prp
The pure-slow and pure-fast filter gains, K;, Ky are defined by
Ks -t | Ky
1 = 1 (77)
Kr 2k
and the remaining matrices are given by:
a a b b
N Pl =(Tip - TorM), |,F 2P = (Tup + eMTyy) (78)
asp  d4F bsp  byr
In addition, the pure-slow and pure-fast system input matrices are
Bs -T By
=T (79)
1
LBf] ’ [iBz

Uopr B Linearized DFIG c Y
v WT System

BS
'

n
N— F — Slow Filter K

By
}

F Vi i Fast Filter Kf

Figure 3. Slow-fast LQG controller structure for DFIG wind turbine system.

The feedback control in the new coordinates is given:

) = —ps0 =17 0] = [r ) (2]
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where F; and F r are obtained from:
[Fs Ff] = FI,T = R™'BTP(IL;p + ILppPr)T 81)

5.1. LQG under Similarity Transformation

The optimal performance index J,,¢ of the LQG follows from the known formula

Jopt = tr{PKWzKT + PFDTD}
(82)
- tr{PGWlGT + PFFTRF}

Under the similarity transformation, the performance criteria can be derived as follows. Starting
with the second line of (82)

Topt = tr{PGWlG_T + PFFTRF} (83)
Topt = tr{T*TprlTGwlcTTT + TPFTTT*TPTRFT*} (84)

where Pp = TP, T-T, P=TP:TT,F=FT
Topt = tr{T‘T(PGleT)TT + T(PFFTRP)T‘l} £ Jopt (85)

Similarly, for the first line in (82), we have

Jopt = tr{PKWZKT + PFDTD} (86)
where DTD=Q, K=TK
Jopt = tr{ PRWoK" + PrQ | (87)
Topt = tr{T‘TPT_lTKWZKTTT + TPFTTT—TQT—l} (88)
Jopt = tr{ T=T(PKWoK")TT + T(PrQ)T ™'} # Jope (89)

Hence, the similarity transformation does not preserve the optimal performance criteria of the LQG.

5.2. LQG Slow Fast Optimal Performance Criteria

Based on the method proposed in [19], the optimal performance index for the slow and fast
subsytems of the LQG controller can be obtained separately as follows:

Jopt = tr{PKWzKT 4 PFDTD} (90)

where DTD = Q; Q= [82% gj
e B e 7
e | A T B e I R P
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T 1 T
K1W2K1 EK1ZU2K2

1 T 12 T
EKZZUZKl < szsz

PLQ1 + P3rQ] PLQ> + P3rQ3

P eP PirQi+€PrQl  ePirQs + ePorQ
]opt=t7’{ LplzT epi [11? 1 2F&H 1F2 2F3 (93)

P1K1W2K{ + PszWzK{ %P1K1W2Kg + %P2K2W2Kg

ePTKyWoKT + PsKoWoKT PJKyWoKT + 1PsKoWoKT +

]opt :ti’{

(94)
PirQi +€PrQl  €P1rQr + €PorQs }
PiQ1 + PsrQf P1.Q> + P3rQs
Jopt =tr{ PUKIWoKT + PyKaWoKT + PipQs + eParQf |+

(95)

1
tr{PzT KiWoKT + EP3K2W2K2T +ePLQy + P3FQ3}

1
Jopt = tr{PlKlszlT + 2P KoWoKT + PirQq + 2€Por QY + +eP3rQs + g1331<2w21<2T } (96)

1
Jopt = tr{ PUGWoK] + PipQy | +2tr{ PKaWoK] +ePorpQ] |+ —tr{ PsKaWaK] +eP3rQs }

97)
]s—opt jsf—opt ]f—opt
Js-opt = tr{ Py WoKT + PirQ: | ©98)
1 T
Ji-op = <tr{ PsKaWoK] +€Pyr Qs | (99)
]sf—opt = 2i‘1’{P2K2W2K{ + EPQFQZT} (100)

The formula for the optimal performance criterion (97) exactly decomposes the optimal
performance criteria of the LQG controller into slow and fast components and it shows that in the
optimal LQG, the performance criterion is dominated by the fast subsystem.

6. Simulation Results

6.1. Slow-Fast Decomposition of the WT with DFIG System

Using the wind turbine state space matrices defined in (18), the linearized system, control,
and output matrices A, B, and C of the considered fifth-order WT-DFIG, evaluated at the system’s
operating points (see Appendices A.1-A.3 for the corresponding values), are given as:

0.0260 —17.4194 0.0285 16.824 0.538
17.419 0.026 —-16.824 0.028 —5.308
A= 100253 —16.794 0.029 16.2094 0.551
16.795 0.0253  —16.209 0.029 —-5.432
0207 -0129 -0.197 —-0.014 0

5.320 0 —5.189 0 0

0 5.320 0 —5.189 0

B = [5.189 0 -5.311 0 0
0 5.189 0 —5.311 0

0 0 0 0 —0.187
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This DFIG system model is not expressed in the explicit standard singular perturbation form
given in (19), where it can be noticed that €, a small positive singular perturbation parameter, multiplies
the derivatives of some states. Therefore, a rearrangement for the rows of matrix A is necessary to
ensure the nonsingularity of sub-matrix A4 and that the system conforms to the explicit standard
singular perturbation form (19). As described in [21], such can be established through the use of the

Schur transformation. Algebraically [22], for any given square matrix there exists a unitary similarity
transformation known as the Schur’s form, where

Asay = UTAU, UT =U! (101)

where the left-hand side constitutes an upper quasi-triangular matrix, such that the real eigenvalues
reside on the main diagonal while pairs of complex conjugate eigenvalues constitute 2 x 2 blocks on
the diagonal. MATLAB’s implementation of the Schur’s form sorts the eigenvalues in a decreasing
order, i.e., with the magnitudes of the real parts from the largest to the smallest. When employing U as
a similarity transformation for the DFIG system, we also get

BSChur = UTB/ CSchur =Cu (102)

For the singularly perturbed form to conform to (19), the order of the eigenvalues needs to be
reversed, i.e., the following permutation matrix need to be employed

00001
00010
P=10 01 0 0 (103)
01000
100 00
The singularly perturbed form (19) can be established through the relations
Agp = PTAP, Bsp=PTB, Csp=CP, Dsp=D=0 (104)

From the wind turbine state space matrices defined in (18), the system matrices A, B, and C are
given by:

[ 0.860 0 0 0 0
0.252 0.050 0 0 0
Agp=| —1390 —1.007 —0.839 0 0

14552 —-30.084 —8.485 0.019 —-0.606
|—29.236 —10.565 —12.575 1.674 0.019

[—0.144 —0.143 0.064 0290 —0.063
—-0.093 -0.044 0253 0117 —0.032
Bsp = | 0433 —0.021 -0.432 0.089 0.173
0778 =739 0777 7378 —0.0003
| 7377 0777 —7.368 —0.776 —0.0118

1 0305 —0.649 0.039 0.071 0.691

Cep =
sp —0.607 —0.299 -—-0.273 —0.680 0.072
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The initial conditions of the original system, mapped into the new coordinates, are given by
xsp(0) = PTUTx(0), = PTU"x (105)

The closed-loop eigenvalues of the original system are shown in Table 1. Since all eigenvalues are
in the left half plane, this indicates that the system is asymptotically stable. Furthermore, the system
has two time-scales (three slow and two fast eigenvalues).

Table 1. Eigenvalues of the considered WT with DFIG system.

Original System Eigenvalues

—7.4441 + 0.58671
—7.4441 — 0.58671
—0.3806 + 0.6293i
—0.3806 — 0.6293i
—0.2411

The singular perturbation parameter can be calculated as the ratio between the real part of the
fastest slow eigenvalue and the real part of the slowest fast eigenvalue. Here, this ratio is equal to
(e = 0.05). The slow and fast subsystems can be obtained using the criteria explained in Section 3.
Using wind turbine system matrices (18), the controllability of the original system has been tested
using MATLAB. A full rank controllability matrix was obtained (rank= 5), which guarantees the
controllability of the original system. The partitioned matrices A; — A4, By — By, Z, and P, were
obtained as in (24), where A4 is nonsingular. Matrices (a;, b;,i = 1,2, 3,4), I1; and I, were calculated
asin [18,19]. The nonsingular transformation T is then formulated using (28). Additionally, the Newton
recursive algorithm was used to obtain the solutions P; and Ps of the AREs (27). The solution P,y of
the ARE was reconstructed again using the obtained slow and fast solutions, Ps and Py, respectively,
as in (30). The obtained Py is found to be identical to P, with the accuracy of Ep, = 7.4247 x 10713,
where Ep, is the absolute maximum error between P, and Py. Finally, the slow and fast subsystems
were obtained as in (26). The corresponding eigenvalues of the slow and fast subsystems are shown
in Table 2. Notice that, the eigenvalues in Table 2 are equal to those in Table 1, which indicates that
the method proposed in Section 3 successfully decomposed the original system into pure-slow and
pure-fast subsystems.

Table 2. Eigenvalues of the slow and fast decomposed subsystems.

Slow Subsystem  Fast Subsystem

—0.3806 + 0.6293i  —7.4441 + 0.58671
—0.3806 — 0.62931 —7.4441 — 0.58671
—0.2411

6.2. Optimal LQR Design for the WT with DFIG System

In order to obtain the optimal gain that minimizes the performance criteria in (21), Equation (23)
should be solved. The weighting matrices R and Q were chosen as identity matrices with the
appropriate dimensions as follows:

R=1I5, Q=Cl,Csp (106)
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The solution of the ARE (23) gives the matrix Py, from which the optimal LQR controller gain K;
for the full-order original system can be obtained as:

—25026 07102 —0.7276 0.1007  0.5132
0.0660 22973  1.1863 —0.5426 0.0176

K, =R7'BTP, = | 04879 32873 0.7781 —0.1288 —0.4588 (107)
3.6358 —0.4617 0.0295 0.4194 —0.0303
—0.6583 —0.2721 05250 —0.0094 —0.0456

with the optimal control input u,p; given by (22). The optimal performance index J,p for the full-order
WT with DFIG system is calculated as:

1
Jopt = ExsTp(O)Prxsp(O) =1.9799 (108)

where x,,(0) is the initial condition of the full-order WT with DFIG system given by (105) and
calculated as:

T
x5y (0) = [27.8963 124845 —84.7021 —120.1073 165.7279} (109)

In this section, an optimal LQR is designed for the slow and for the fast subsystems, independently.
Having obtained the slow and fast solutions Ps and Py, respectively, from their corresponding AREs (30),
the optimal LQR controller gain for the slow subsystem can be obtained, as follows:

—1.5209 —4.3229 2.6228
—8.6553 —2.7713 —2.5414

Ko = R;'BIP = | —04911 83930 —2.5882 (110)
125216  4.7245  3.7339
—0.6138 —0.2921 0.5316

where R; is the weighting positive definite matrix for the slow subsytem, chosen as an identity matrix,
i.e, Rs = I5. The optimal performance index for the slow subsystem Js_,,¢ can be calculated using (49),
derived in Section 3.2.

Js—opt = 1.9122 (111)

Similarly, the optimal LQR controller gain for the fast subsystem can be obtained as follows:

T
0.1453 —0.4403 —0.1477 0.4209 0.0096

04693 0.0565 —0.4558 —0.0606 —0.0029 (112)

_p-1pTp. _

Kg = Ry "Bp Py =

where Ry is the weighting positive definite matrix for the slow subsytem, chosen as an identity matrix,
ie, Rs = I5. The optimal performance index for the fast subsystem J¢_,,; can be calculated using (50),

derived in Section 3.2.
Jf—opt = 0.0785 (113)

Moreover, the slow-fast term of the optimal performance index is calculated using (51), and is
equal to Jsr oy = —0.0108. Adding up all three values of Js—opt, [f—opt, and Jsr—opt, We get

Jiotal = ]Sfopt + ]sffopt + ]ffopt =1.9799 (114)

which is equal to the exact value of the optimal performance index Jop; of the full-order WT with DFIG
system obtained in (108).
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6.3. Optimal Kalman Filter Design for the WT with DFIG System

Based on the duality property exhibited by the linear-quadratic optimal filters, on one hand,
and the regulators, on the other, the exact decomposition of the singularly perturbed ARE, presented
in Section 3, is applied here to design an optimal Kalman filter for the slow and fast subsystems
of the WT with DFIG. The design takes into account that the slow and fast filters are completely
decoupled and that both of them are driven by the system measurements, as demonstrated in
Section 4. After calculating the matrices in (61)—(64), the similarity transformation T, can be obtained
using (65). Using the wind turbine system matrices (18), with the weighting matrices chosen as
R = I5,Q = CgPCSP, and the white noise intensity (spectral density) matrices chosen as
Wi = Is, W, = I, the completely decoupled Kalman filters are obtained with pure-slow and
pure-fast optimal filter gains K; and Ky given by:

0.0292  —0.0395
Ks | 0.0165 —0.0344|, Ky
—0.0285 0.1238

(115)

0.0067 —0.0255
0.0262  0.0028

6.4. Optimal Linear-Quadratic Gaussian Design for the WT with DFIG System

In this section, a reduced-order optimal LQG controller is applied to the DFIG wind turbine,
by combining the closed-loop regulator with Kalman filter. The inputs to the closed-loop system
are the noise of the WT system w1 (t) and the measurements noise w(t). All the controllers were
implemented using MATLAB/Simulink. Figure 4 shows the original and estimated slow and fast
states of the considered system, and the performance of the Kalman filter.

In Section 5.1 we showed that the similarity transformation does not preserve the value of the
optimal performance criteria for the LQG controller. Therefore, the values of the optimal performance
indices for the decomposed slow and fast subsystems do not add up to the same exact value of the
optimal performance index before decomposition. The optimal performance index for the full-order
LQG controller can be calculated using (82) as follows:

Jopt = 37.3785 (116)

Using the derivation in Section 5.2, the optimal performance index for the slow subsystem Js_,pt
can be calculated using the Equations (98) as:

]sfopt = 10.0060 (117)
whereas, the optimal performance index for the fast subsystem J;_,,; can be calculated using (99)
Jf—opt = 22.3614 (118)

Moreover, the slow-fast term of the optimal performance index is calculated using (100), and is
equal to Jsr_opr = —10.0845. Adding up all three values of Js—opt, Jf—opt, and Jsr—opt, we get

Jiotal = ]s—opt + ]sffopt + ]ffopt = 22.2829 (119)

Since, in the case of the LQG problem, the optimal performance at steady state is averaged
over an infinite length of time, the initial conditions do not affect the optimal performance value.
The original system output, i.e., before filtering, and the estimated output of the LQG controller of the
DFIG WT system after filtering are shown in Figures 5 and 6 for the rotor current output in the d-axis
ig, and g-axis igy, respectively. It can be observed from Figures 5 and 6 that the effect of the input white
Gaussian noise is reduced successfully by the LQG regulator and its Kalman filter implementation.
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Figure 4. The original and reduced-order estimated states of the WT-DFIG.
120 T T
100 - -
80
60 al
40 al
20
ol |
» ‘ ‘
0 5 10 15 20 25
Time [sec] Time [sec]
(a) Before filtering. (b) After filtering.

Figure 5. Original and reduced-order rotor current output ij, of the LQG-controlled DFIG WT system.
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(a) Before filtering. (b) After filtering.

Figure 6. Original and reduced-order rotor current output i, of the LQG-controlled DFIG WT system.

6.5. Wind Speed Variations

Here, we test the performances of the slow and fast subsystems of the reduced-order DFIG WT
under the effects of wind turbulences and gust. The considered wind turbulence and gust are shown in
Figure 7. In order to model the total variation in wind speed, the normal turbulence model (NTM) was
evaluated at an average of 9 m/s. A wind gust, shaped as a hamming dip, of width 30 s was added.
The total variance, as suggested by the aforementioned NTM, was broken between the turbulence
and gust with the ratios of 1/3 and 2/3, respectively. The output responses of the rotor current in
d-axis i and g-axis iy of the original and reduced-order of the considered DFIG WT system to wind
turbulence and gust are shown in Figures 8 and 9. These figures show the robustness of the designed
LQG controller to wind speed variations.

Wind Speed (m/s)

50 60 70 80 920 100 110 120 130 140 150
Time (s)

Figure 7. Wind turbulence and wind gust.

| .
50 100 150 0 50 100 150
Time [sec] Time [sec]

(a) Before filtering. (b) After filtering.

Figure 8. Output responses of the rotor current iy, of the original and reduced-order system for wind
turbulence and gust.
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I
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Time [sec] Time [sec]

(a) Before filtering. (b) After filtering.

Figure 9. Output responses of the rotor current iy of the full- and reduced-order system for wind
turbulence and gust.

6.6. Voltage Sag

For the evaluation of the dynamic performance of the slow and fast subsystems of the
reduced-order DFIG WT, we study the effect of a large-signal disturbance voltage sag as well. We apply
a voltage drop of 50% lasting for 1 sec to both the full- and reduced-order models. The output responses
of the rotor current in d-axis, i4,, and g-axis, iy, of the original and reduced-order DFIG WT system are
shown in Figures 10 and 11, respectively, which show the robustness of the designed LQG controller.

120

<300 - TATTAATOY PO o o f ffd b “
| 0
400 -
L L L i -20 ! ! ! ! ! !

.
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
Time [sec]

Time [sec]

(a) Before filtering. (b) After filtering.

Figure 10. Output responses of the rotor current iy, of the original and reduced-order system for
voltage sag.

600

L I I I L i i i i |
0 10 20 30 40 50 60 70 80 90 100 o 10 20 30 40 50 60 70 80 90 100
Time [sec] Time [sec]

(a) Before filtering. (b) After filtering.

Figure 11. Output responses of the rotor current iy, of the original and reduced-order system for
voltage sag.
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7. Conclusions

Optimal control techniques are applied to the DFIG wind turbine by decomposing the algebraic
Riccati equation of the singularly perturbed wind turbine system into two reduced-order algebraic
Riccati equations that correspond to the slow and fast time scales. The optimal regulator gains,
with respect to the optimal pure-slow and pure-fast, reduced-order Kalman filters, and LQG controllers,
are obtained. This decomposition allows the design of linear controllers for the slow and fast
subsystems independently, thus, achieving the complete and exact separation of the linear-quadratic
stochastic regulator problem. Kalman filter was able to accurately track the slow and fast states of
the wind turbine system. The response of the reduced-order system was compared to that of the
full-order system for the purpose of validating the performance of the proposed method. The effect of
the applied white Gaussian noise is reduced successfully by the LQG regulator and its Kalman filter
implementation. Moreover, the designed LQG controller showed good performance and robustness
when wind turbulence and a large-signal disturbance are applied to the system. Additionally, we
showed that the similarity transformation does not preserve the performance index value in the case
of Kalman filter and the corresponding LQG controller.
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Abbreviations

The following abbreviations are used in this manuscript:
WT Wind Turbine

DFIG  Doubley-Fed Induction Generator

LOR  Linear Quadratic Regulator

ARE Algebriac Riccati Equation

LQG Linear-Quadratic Gaussian Control
NTM  Normal Turbulence Model

Appendix A

Appendix A.1. System Parameters
Vsc =16 MVA , X/R =10,Z, = 0.125,R, = 0.0124, X, = 0.1244, R; = 0.0173, X; = 0.1744.

Appendix A.2. DFIG Parameters in p.u. (Unless Stated)
v=9m/s, Cp = 0.48, Pyom=2 MVA, H; = 3.5, kopt = 0.56,
C1 = 0.5176,C, = 116,C3 = 0.4,C4 = 5,C6 = 0.0068,v;, = 690 V, Tsp = 0.8064,
Xss = Xjs + Xip = 4.0452, X;p = Xjp + Xin = 4.0452, Xj = 0.09241, X, = 0.09955
Xm = 3.95279, X4 = 0.05, R, = 0.00549, Rs = 0.00488, ws = 1,5, = 2, F, = 50, wp=27 F

Appendix A.3. Operating Conditions

igs0 = —0.035, iggo = 0.343, ig0 = 0.217, igyo = 0.367
V450 = —0.06, V50 = 0.998, 04,0 = —0.025, V50 = 0.206, V59 = 0.9998, g = 0.8, 59 = 0.2
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