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This paper presents a new transient stabilization with voltage regulation analysis approach of a syn-
chronous power generator driven by steam turbine and connected to an infinite bus. The aim is to obtain
high performance for the terminal voltage and the rotor speed simultaneously under a large sudden fault
and a wide range of operating conditions. The methodology adopted is based on sliding mode control

technique. First, a nonlinear sliding mode observer for the synchronous machine damper currents is con-
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structed. Second, the stabilizing feedback laws for the complete ninth order model of a power system,
which takes into account the stator dynamics as well as the damper effects, are developed. They are
shown to be asymptotically stable in the context of Lyapunov theory. Simulation results, for a single-
Machine-Infinite-Bus (SMIB) power system, are given to demonstrate the effectiveness of the proposed
combined observer-controller for the transient stabilization and voltage regulation.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Successful operation of power system depends largely on the
ability to provide reliable and uninterrupted service. The reliabil-
ity of the power supply implies much more than merely being
available. Ideally, the loads must be fed at constant voltage and
frequency at all times. However, small or large disturbances such
as power changes or short circuits may transpire. One of the most
vital operation demands is maintaining good stability and transient
performance of the terminal voltage, rotor speed and the power
transfer to the network [1,2]. This requirement should be achieved
by an adequate control of the system.

The high complexity and nonlinearity of power systems,
together with their almost continuously time varying nature,
require candidate controllers to be able to take into account the
important nonlinearities of the power system model and to be inde-
pendent of the equilibrium point. Much attention has been given
to the application of nonlinear control techniques to solve the tran-
sient stabilization problem [3,4]. Most of these controllers are based
on feedback linearization technique [5-9]. The main objective in
these works was to enhance the system stability and damping per-
formance through excitation control. The nonlinear model used in
these studies was a reduced third order model of the synchronous
machine. InRef.[10], the feedback linearization technique was used
to control the rotor angle as well as the terminal voltage, using

* Corresponding author. Tel.: +21 2678 03 50 59; fax: +21 2524 66 80 12.
E-mail addresses: ouassaid@yahoo.fr, ouassaid@emi.ac.ma (M. Ouassaid).

0378-7796/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.epsr.2011.10.014

the excitation and the turbine’s servo-motor input. It is based on a
7th order model of the synchronous machine. Feedback lineariza-
tion is recently enhanced by using robust control designs such as
H, control and L, disturbance attenuation [11,12]. Several modern
control approaches including methods based on the passivity prin-
ciple[13,14], fuzzy logic and neural networks [15,16], backstepping
design [17,18], have been used to design continuous nonlinear
control algorithms which overcome the known limitations of tra-
ditional linear controllers: Automatic Voltage Regulator (AVR) and
the Power System Stabilizer (PSS) [19-22].

New modern control techniques will continue to fascinate
researchers looking for further improvements in high performance
power system stability. The sliding mode control approach has
been recognized as one of the efficient tools to design robust
controllers for complex high-order nonlinear dynamic plants oper-
ating under various uncertainty conditions. The major advantage
of sliding mode is the low sensitivity to plant parameter variations
and disturbances which relaxes the necessity of exact modelling
[23].

In this paper, a sliding mode controller has been constructed
based on a time-varying sliding surface to control the rotor speed
and terminal voltage, simultaneously, in order to enhance the tran-
sient stability and to ensure good post-fault voltage regulation for
power system. It is based on a detailed 9th order model of a system
which consists of a steam turbine and SMIB and takes into account
the stator dynamics as well as the damper winding effects and
practical limitation on controls. However damper currents are not
available for measurement. Consequently, an observer of damper
currents is proposed.
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The rest of this paper is organized as follows. In Section 2,
the dynamic equations of the system under study are presented.
A new nonlinear observer for damper winding currents is devel-
oped in Section 3. In Section 4, the nonlinear excitation voltage
and rotor speed controllers are derived. Section 5 deals with a
number of numerical simulations results of the proposed observer-
based nonlinear controller. Finally, conclusions are mentioned
in Section 6.

2. Mathematical model of power system studied

The system to be controlled, studied in this work, is shown in
Fig. 1. It consists of synchronous generator driven by steam tur-
bine and connected to an infinite bus via a transmission line. The
synchronous generator is described by a 7th order nonlinear math-
ematical model which comprises three stator windings, one field
winding and two damper windings. The mathematical model of the
plant, which is presented in some details in [10,24] can be written
as follows:

Electrical equations:
X1 = A11X1 + A12X2 + 13X3X6 + A14X4 + A15X6Xs5

+a16 cos(—x7 + o)+ biugy @)

Xy = (21X + (22X + (23X3X6 + Up4X4 + A25X6Xs5

+a6 €OS(—Xx7 +0) + baugy (2)

X3 = 31X1Xp + 432X2Xe + (33X3 + U34X4X6 + A35X5

+asg sin(—x7 + o) (3)

X4 = A41X1 + A42X2 + (43X3X6 + A44X4 + (45X6X5

+a46 cOS(—x7 + )+ baugy (4)

X5 = 051X1Xp + (52X2X6 + (53X3 + U54X4X6 + A55X5

+asg sin(—x7 + o) (5)
Mechanical equations:
X6 = Ug1X6 + U2 (;%) —ag2Te (6)
X7 = wr(xg — 1) (7)
Turbine dynamics [25]:
Xg = ag1Xg + Gg2Xg (8)
Turbine valve control [25]:
X9 = U91Xg + Ag2X6 + ballg (9)

where x = [ig, i, ig, ikd ikq,w,S,Pm,Xe]T is the vector of state
variables, ug the excitation control input, ug the input power
of control system. The parameters a; and b; are described in
Appendix A.

The machine terminal voltage is calculated from Park compo-
nents vy and vq as follows [10,24]:

ve= (3 +12)" (10)
with
Vg = C11X1 + C12X2 + C13X3Xg + C14X4 + C15X5X6

+ €16 COS(—X7 + 0) + C17Ugy (11)

Vg = C21X1Xg + C22X2Xe + C23X3 + C24X4Xe + C25X5 + C26 SIN(—X7 + O0)
(12)

where ¢j; are coefficients which depend on the coefficients a;;, on the
infinite bus phase voltage V> and the transmission line parameters
Re and L. They are described in Appendix A.

Available states for synchronous generator are the stator phase
currents ig and ig, voltages at the terminals of the machine vy and
vg, field current ig. It is also assumed that the angular speed w and
the power angle ¢ are available for measurement [26]. In the next
section the development of an observer of the damper currents i,
and ix, will be presented.

3. Development of a sliding mode observer for the damper
winding currents

For continuous time systems, the state space representation of
the electrical dynamics of the power system model (1)-(5) is:

X1 X1 by
d X4
a || = x| FFa | by | ugg 4 Hq(t) (13)
5
X3 X3 0
d X4 X1 X4 b3
a |:X5:| =F1 x| +Fx Xs + 0 de+H2(t) (14)
X3
where

Hq(t) = [a16 cOS(—X7 + ), a6 COS(—X7 + T), a3g SiN(—X7 + )] T,

Ha(t) = [asg cos(—x7 + 0), asg sin(—x7 + 0)] "

an a2  d13Xg
Fiq— Fpy — ag Qg2 (43Xg
1= | a1 Q2 023X | , 21 = ,
Qas51Xg Q53X 053
Ld31Xe 032X 033
a14  015X6
Fiy — Fry — Q44  Q45X6
12=| a4 Q425X | 22 =
(54X dss5
| d34Xe 035

To construct the sliding mode observer, let define the switching
surface S as follows:

(&1 —x1 ] [e1
S(t): )’22—)(2 = | e =0 (15)
| X3 — X3 | €3

Then, an observer for (13) is constructed as:

d )‘21 -;(1 1 524 b]
dat X | =Fi1 | % | +Fi2 |:)A< :| + | by Ugg
%3 | %3 | > 0
sgn(X —x1)
+Hq(t)+K | sgn(X, —x3) (16)

sgn(X3 — x3)

where &1, X; and %3 are the observed values of iy, iz; and ig, K is the
switching gain, and sgn is the sign function. Moreover, the damper
current observer is given from (14) as:

d |24 X R4 b3
dt|:)A65:|=F21 ;; +Fyp 2|70 Ugg + Ha(t) (17)

where &4 and Xs are the observed values of irg and iyg.
Subtracting (13) from (16), the error dynamics can be written:

d eq €1 % sgne;q
ar ey | =F1|ex| +Fip |:~4:| +K | sgne; (18)
X5
es3 e3 sgnes

where X4 and X5 are the estimation errors of the damper currents
X4 and xs.
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Fig. 1. Control system configuration.

The switching gain is designed as:
K = min

—aqqler] — (a12€2 + ajzwes + a14X4 + a5 wXs)sgneq
X —ay lez| — (az1€1 + axzwes + axaXy + Aps5wXs)sgne;
—as3 |e3| — (azjwey + a3y we; + a34wX4 + a3sXs5)sgnes

-§
(19)

where £ is a positive small value.

Theorem 1. The globally asymptotic stability of (18) is guaranteed,
if the switching gain is given by (19).

Proof. The stability of the overall structure is guaranteed through
the stability of the direct axis and quadrature axis currents x1, Xo,
and field current x3 observer. The Lyapunov function for the pro-
posed sliding mode damper current is chosen as:

1
Vops = jSTIS (20)
where I is an identity positive matrix.

Therefore, the derivative of the Lyapunov function is
T
. . eq eq % sgneq
Vops =STIS=|ey | T'|Fi1|es| +Fi2 [24} +K | sgne,
es es > sgnes
=G1+ Gy +Gs3 (21)

where

Gy = ane% + ajpeiey + ajzweqes + ajge1Xq + ayswerXs + Kleq|
Gy = az1€1€2 + 2263 + a30e3€3 + 246284 + Az50e%s + K|ey |
G3 = azjweqes + azwezes + 033€§ + asqwesX4 + assesXs + Kles|

Using the designed switching gain in (19), both Gy, G, and G5 are
negatives. Therefore, V,,, is a negative definite, and the sliding
mode condition is satisfied [27]. Furthermore the global asymptotic
stability of the observer is guaranteed.

According to (19) by a proper selection of &, the influence of
parametric uncertainties of the SMIB can be much reduced.

The switching gain must large enough to satisfy the reaching
condition of sliding mode. Hence the estimation error is confined
into the sliding hyerplane:

d €1 €1
E el =|ex| =0 (22)
€3 €3

However, if the switching gain is too large, the chattering noise
may lead to estimation errors. To avoid the chattering phenomena,
the sign function is replaced by the following continuous function
in simulation:

5(¢)

IS(E)l + 61

where ¢ is a positive constant. [

4. Design of sliding mode terminal voltage and speed
controller

4.1. Terminal voltage control law
The dynamic of the terminal voltage (23), is obtained through

the time derivative of (10) using (11) and (12) where the damper
currents are replaced by the observer (17):

dve 1 dvy dvg\  vgdyg vy dug
T ("ddt“th Ty de TV dr

dr T v ve dt v dt
+Ud c dX] iy dX2+C X dX3+C X dXG
T 127 13X6 - 13X3 0
+c d24+c X d25+c X de-i—C dx7sin( X7+ 0)
14— 15%6 7 15%5 ¢ 1657 7
vg At
=C17——— X 23
17 dr +f(x) (23)
where
vgdvg vy dx; dx; dxs dxe
X)= —— 4+ 2 |11 = +C12—= 4+ C13Xg —— + C13X3 ——
fx) wede T | gy taXe g Tasxa Ty

+c dxs +C15% G +C15X dxs +c dx7 sin(—x7 + o)
1477 15%5 15X6 ~ 70 16~ ; 7
Furthermore, we define the tracking error between terminal volt-
age and its reference as:
ey =ve— v (24)
And its error dynamic is derived, using (23), as follows:

de; vg dug

a " 171)7? +f(x) (25)
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According to the (24), the proposed time-varying sliding surface is
defined by:

51 =K]€](f) (26)

where Kj is a positive constant feedback gain. The next step is to
design a control input which satisfies the sliding mode existence
law. The control input is chosen to have the structure:

u(t) = ueq(t) + un(t) (27)

where ueq(t) is an equivalent control-input that determines the
system’s behavior on the sliding surface and uy(t) is a non-linear
switching input, which drives the state to the sliding surface and
maintains the state on the sliding surface in the presence of the
parameter variations and disturbances. The equivalent control-
input is obtained from the invariance condition and is given by the
following condition [23] S; = 0 and $; = 0 = u(t) = Ueq(t)
From the above equation:

. du
$1=Kiery 22 4 Ky f(x) =0 (28)
Ve dt

Therefore, the equivalent control-input is given as:

fx) (29)

Ve
C17Vq

Ueq(t) = -

By choosing the nonlinear switching input u,(t) as follows:
Ut
C17V4

un(t) = —ay sgn(eq) (30)

where o1 is a positive constant. The control input is given from (27),
(29) and (30) as follows:

d
u(t) = % = —C]I;[Ud (f(x) + oy sgn(er)) (31)

Using the proposed control law (31), the reachability of sliding
mode control of (25) is guaranteed.

4.2. Sliding mode rotor speed controller

We now focused our attention to the rotor speed tracking objec-
tive. The sliding mode-based rotor speed control methodology
proposed consists of three steps:

Step 1: The rotor speed error is:

€ =X — a)ref (32)

where 0™ = 1p.u. is the desired trajectory. The sliding surface is
selected as:

Sy = Kz(?z(f) (33)

where K is a positive constant. From (32) and (6), the derivative of
the sliding surface (33) can be given as:

d52 Xg
D2 _g X _ T, 34
at 2 (061X6 + as X a2 e) (34)

The xg can be viewed as a virtual control in the above equation.
To ensure the Lyapunov stability criteria i.e. S5, < 0 we define the
nonlinear control input X§eq as:

X
Xgeq = %(asﬂe — Gg1Xg) (35)
The nonlinear switching input xj can be chosen as follows:

X
Xgy = —0la é sgn(ey) (36)

where o is a positive constant.

Stator and Field
Currents Observer
Eq. (16)

Y

Damper Currents
Observer
Eq. (17)

\4

Fig. 2. Block diagram of the sliding mode damper currents observer.

Then, the stabilizing function of the mechanical power is

obtained as:
X6

X§ = @(asﬂe — ag1Xe — 02 Sgn(ez)) (37)
When a fault occurs, large currents and torques are produced. This
electrical perturbation may destabilize the operating conditions.
Hence, it becomes necessary to account for these uncertainties by
designing a higher performance controller.

In (37), as electromagnetic load T, is unknown, when fault
occurs, it has to be estimated adaptively. Thus, let us define:

~ X A,
&= é(aezTe — ag1Xs — 02 SgN(e2)) (38)

where T, is the estimated value of the electromagnetic load which

should be determined later. Substituting (38) in (34), the rotor

speed sliding surface dynamics becomes:

ds -

‘th = Ky(—az sgn(ez) — agaTe) (39)

where T, = T, — T, is the estimation error of electromagnetic load.
Step 2: Since the mechanical power xg is not our control input,

the stabilizing error between xg and its desired trajectory xj is

defined as:

e3 =Xg — Xg (40)

To stabilize the mechanical power xg, the sliding surface is selected
as:

53 = [(383(1') (41)

where K3 is a positive constant. The derivative of S3 using (40) and
(8)is given as:

ds dx;;
TE’ =K3 (LIg]Xg + agaXg — dt8> (42)

If we consider the steam valve opening xg as a second virtual con-
trol, the equivalent control x¥  is obtained as the solution of the

- Seq
problem S3(t) = 0.

.1 (g
x9eq = @ E — ag1Xg (43)

Thus, the stabilizing function of the steam valve opening is obtained
as:

. 1 dx
X = o <df — ag1Xg — 03 sgn(€3)> (44)
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Fig. 3. Simulated result of the proposed controller under large sudden fault and operating point P, =0,6 p.u.
Proof. Consider a positive definite Lyapunov function:
where o is a positive constant. Substituting (44) in (42), the steam 1 1 1 1 1
valve opening sliding surface dynamics becomes: Veon= 552+ =82+ =52+ -S2 + —T2 (50)
2 2 2 2 21
ddis = —a3K3 sgn(es) (45) Using (28), (39), (45) and (47), the derivative of (50) can be

Step 3: In order to go one step ahead the steam valve opening
error is defined as:

€4 = Xg — X (46)

By defining a new sliding surface S4(t) = K4e4(t) the derivative of
S4 is found by time differentiation of (46) and using (9):
dSy

24 _ g
de —

*

dxg

X
) (47)

<¢191X9 + ag2Xe + bauig — ar

To satisfy the reaching condition $,S4 < 0, the equivalent control
Ugeq(t) is given as:

1 [ dx§
Ugeq = by \at ~ ag1X9 — A92 X6 (48)
Next, the following choice of feedback control is made:
1 [ dx§
g = 3= |~ — Go1xo — Ggz¥s — o4 sgn(es) (49)
4

4.3. Stability analysis

Theorem 3. The dynamic sliding mode control laws (31) and (49)
with stabilizing functions (38) and (44) when applied to the single
machine infinite power system, guarantee the asymptotic convergence
of the outputs v and Xg = w to their desired values Vyer and wpep=1,
respectively.

derived as follows:

14T,

. . . . . ~ Vg ded
Veon = S151 + 5252 45353 + 5454 + Teﬁ i —

=Kic17 =
llUtdt

+K1f(x) + Ka(—azsgn(es) — aga Te) — a3K3 sgn(es)

X5 ~ 1dT
+ Ky <ag1Xg+092X5+b4Ug—dl:g> +TQET: (51)
Substituting the control laws (31) and (49) in (51) produces:
Veon = —a1K?eq sgn(eq) — azK3e; sgn(ey) — asK2es sgn(es)
2 2, 7 = 1dT. 2
— O[4K4 €4 sgn(e3) - K2 agrTeey + Te ﬁ E = 70[11(1 le1]
1 dT, .
— K3 lea| — o3K3 les| — aaK lea] + (M i Kzzaszez) Te
(52)

Tq make the time derivative of V. strictly negative, we choose the
adaptive law as:

dTe

2
a nasKze; (53)
Thus:
Veon = —a1KEler| — aaK3 |ea| — asK3les| — oaK ey
4
= —Zail(i2|e,~| <0 (54)
i=1
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From the above analysis, it is evident that the reaching condition is
guaranteed. [ . 1 [ dx; S3(¢)
Xg=— | —= —ag1Xg — O3 < —
. . . . 97 agy \ dt 1S3(6)1 + 74
Remark. In order to eliminate the chattering, the discontinuous
control components in (31), (38), (44) and (49) can be replaced by
a smooth sliding mode component to yield: 1 /dx: S4(0)
X t
9 4
Ug = — | == —dg1Xg — AgaXg — 4 —~——
g 91X9 — (g92Xg — (g
dugq v <f(x) gy S1®) ) by < de 1Sa(6)] + Ts)
— = ]
de C17Vg 1S1(6)l + 72 ) . o
where 7; > 0 is a small constant. This modification creates a small
boundary layer around the switching surface in which the sys-
«_ X6 Sa(t) tem trajectory remains. Therefore, the chattering problem can be
Xg = — agTe — Ag1Xg — 00 —~—— .
a2 1So(t)] + T3 reduced significantly [23].
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Fig. 5. Tracking performance comparison of the proposed observer based controller and nonlinear controllers (backstepping Ref. [17] and feedback linearization technique

Ref. [10]).
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5. Simulation results and discussion

In order to show the validity of the mathematical analysis
and, hence, to evaluate the performance of the designed non-
linear control scheme, simulation works are carried out for the
Power System under severe disturbance conditions which cause
significant deviation in generator loading. The performance of
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the nonlinear controller was tested on the complete 9th order
model of SMIB power system (202 MVA, 13,7kV), including all
kinds of nonlinearities such as exciter ceilings, control signal
limiters, etc. and speed regulator. The physical limits of the plant
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Fig. 8. Performance comparison, under +20% parameter perturbations, of the proposed control scheme and nonlinear controllers (backstepping Ref. [17] and feedback
linearization technique Ref. [10]).
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Table 1
Parameters of the transmission line in p.u.
Parameter Value
L., inductance of the transmission line 0.4
Re, resistance of the transmission line 0.02
Table 2
Parameters of the power synchronous generator in p.u.
Parameter Value
Rs, stator resistance 1.096 x 103
Ry, field resistance 742 %1074
Ryq, direct damper winding resistance 13.1x 1073
Ryiq, quadrature damper winding resistance 54 x 1073
Ly, direct self-inductance 1.700
Ly, quadrature self-inductances 1.640
Ly, rotor self inductance 1.650
Lyq, direct damper winding self inductance 1.605
Lig,» quadrature damper winding self inductance 1.526
Lmg, direct magnetizing inductance 1.550
Lmg, quadrature magnetizing inductance 1.490
V¥, infinite bus voltage 1
D, damping constant 0
H, inertia constant 2.37s
Table 3
Parameters of the steam turbine and speed governor.
Parameter Value
T¢, time constant of the turbine 0.35s
Ki, gain of the turbine 1
R regulation constant of the system 0.05
T,, time constant of the speed governor 0.2s
Ky, gain of the speed governor 1

The system configuration is presented as shown in Fig. 1. The sim-
ulation of the proposed sliding mode damper currents observer is
implemented based on the scheme shown in Fig. 2. Digital simula-
tions have been carried out using Matlab-Simulink. The parameter
values used in the ensuing simulation are given in the Appendix B.

5.1. Observer based controller performance evaluation

First, we verify the stability and asymptotic tracking perfor-
mance of the proposed control systems. The simulated results are
given in Figs. 3 and 4. It is shown terminal voltage, rotor speed and
rotor angle of the power system, respectively. The operating points
considered are Py, =0.6 p.u. and 0.9 p.u. The fault considered in this
paper is a symmetrical three-phase short circuit, which occurs
closer to the generator bus, at t=10s and removed by opening the
barkers of the faulted line at t=10.1s. The results are compared
with those of the linear IEEE type 1 AVR + PSS and speed regulator.
As it can be seen, the proposed controller can quickly and accu-
rately track the desired terminal voltage and rotor speed despite
the different operating points.

5.2. Comparison of dynamic performances for proposed
controller and non linear controllers

In order to prove the robustness of the proposed controller, the
results are compared with two non linear controllers: (i) Feed-
back Linearization Technique (FLT) Ref. [10] and (ii) Backstepping
Ref. [17]. The operating point considered is Py =0.725p.u. The
fault occurs closer to the generator bus. The simulation results are
presented in Fig. 5. It can be seen that both dynamics of the ter-
minal voltage and the rotor speed settle to their prefault values
very quickly with proposed observer based controller. It is obvious
that with the derived high control accuracy and stability can be
achieved.

5.3. Robustness to parameters uncertainties

The variation of system parameters is considered for robust-
ness evaluation of the proposed observer-based controller. The
values of the transmission line (L., Re) and the inertia constant
H increased by +20% and —20% from their original values, respec-
tively. The responses of the terminal voltage and rotor speed are
shown in Fig. 6. In addition to the abrupt and permanent varia-
tion of the power system parameters a three-phase short-circuit is
simulated at the terminal of the generator. Figs. 7 and 8 show the
performances of the combined observer controller and the other
controllers Ref. [10] and Ref. [17]. It can be seen that the designed
control scheme is able to deal with the uncertainties of param-
eters and preserve the global stability of the system with good
performances in transient and steady states.

6. Conclusion

In this paper, a new nonlinear observer-controller scheme has
been developed and applied to the single machine infinite bus
power system, based on the complete 7th order model of the
synchronous generator. The aim of the study is to achieve both
transient stability enhancement and good postfault performance
of the generator terminal voltage.

The sliding mode strategy was adopted to develop a nonlin-
ear observer of damper winding currents and nonlinear terminal
voltage and rotor speed controller. The detailed derivation for the
control laws has been provided. Globally exponentially stable of
both the observer and control laws has been proven by applying
Lyapunov stability theory.

Simulation results have confirmed that the observer-based non-
linear controller can effectively improve the transient stability
and voltage regulation under large sudden fault. The combined
observer—controller scheme demonstrates consistent superiority
opposed to a system with linear controllers (IEEE type 1 AVR +PSS)
and nonlinear controllers. It can be seen from the simulation study
that the designed sliding mode observer based-controller possesses
a great robustness to deal with parameter uncertainties.
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Appendix A. The coefficients of the mathematical model

an

ais

—(Rs + Re)(Lyglig — L2 j)wrD,", @12 = —Rpg(LmgLg — L2 .)wrD," . a13 = (Lq + Le)(Limalka — L2 ;)wrDy "
—Lng(LigLig — L2,))rDy ", @14 = Rg((La + Le)lma — L2 JwrDy ", a1 = —V=((Lg + Le)Lig — L2 ;)wrDy

1

b1 = (LmaLia — L2g)0rDy", @21 = —(Rs + Re)(Lmalra — L2, )wrDy" . a23 = —Ryg((Lg + Le)lya — L2 )wrDy "

a3 = (Lq + Le)(LmaLra — L2, )rDy ", G24 = Rig((Lg + Le)Lma — L2, JrDy", G5 = —Ling(Lmalka — L2,;)wr Dy

az6 = —V(LmgLig — 12, )wrDy", by = ((Lg + Lg)lgg — L2, )wrDy ", a3y = —(Lg + Le)LiqrDy "

asz

Qg

a43

LmaLigwrDg", @33 = —(Rs + Re)lgqrDg", G34 = LiygLyqwgrDq ', 35 = —Lmg.ReqwrDg",  asg = V=LyqagDy"
—(Rs + Re)(LjgLma — L% )wrDy", a4z = Reg((La + Le)lmg — L2, )wrDy", a5 = —Limg(Ling.Lyg — L2, )rD"
(Lg + Le)(LmgLg — L2 ))wrDy ", @aa = —Req((Lg + Le)Lgg — L2 ))orDy ", a4s = —V>(Lyg.Lyg + L2, JogDy’

bs = ((Lg + Le)Lmg — L2, JwrD;", @51 = —(Lg + Le)LmgwrDy ', @53 = LgLmqwgDg', @53 = —(Rs + Re)LmgwgDy

A4 = LngLmqwrDy ', as5 = —Riq(Lq + Le)wrDy", ase = —V®LmgwgD;', a1 = —D(2H)™', asr = (2H) ™

agi = —(Tm)™', a2 = Km(Tm)™', o1 = —(Tg)™', aop = —Kg(TgRwr) ™', ba=Ke(Tg)™', c11 =Re +ayiLlewy’

1 1 1 1 1 1
c12 =aplewy’, c13=Le(a130g" — 1), 14 =aulewy , c15=0a15Lewy’, €16 =V +aiglewy , €17 =bilewy

-1 1 -1 -1 -1 1
€21 =Le+as1lewy ', €22 =a3lewy, €23 =0a33lewy +Re, Coq=034lewy , Co5 =0a3slewy , C26 = V™ +azglewy

here we have denoted

Dy = (Lg + Le)lgalg — L2 j(Lg + Lyg + Lig) + 2L3 ;. Dq = (Lq + Le)Lyg — LZq

Appendix B. The parameters of the system are as follows
[24,25] (Tables 1-3)
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