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Chapter

Synchronous Machine Nonlinear
Control System Based on Feedback
Linearization and Deterministic
Observers

Marijo Sundrica

Abstract

A classical linear control system of the SM is based on PI current controllers. Due
to SM nonlinearity, with such control system, it is not possible to obtain indepen-
dent torque and flux control. To overcome this obstacle, a nonlinear control system
can be used. Due to unknown damper winding state variables, an observer has to be
made. In this work, observers for damper winding currents and damper winding
fluxes are presented. Then, based on nonlinear theory, control law with feedback
linearization method is obtained. Also, a comparison of the proposed and classical
control system is done. For the classical control system, field-oriented control with
internal model and symmetrical optimum principles is used. To verify the proposed
algorithm, extensive simulation analysis of voltage source inverter drive is made.
Processor in the loop testing has been also done.

Keywords: synchronous machine, observers, damper winding, nonlinear control,
feedback linearization, voltage source inverter, processor in the loop

1. Introduction

For synchronous machine (SM) with damper winding and separate excitation
winding, it is not unusual to operate as an AC drive system.

In hydropower generation, sometimes, there is demand for SM to work in
compensating or pumping operation mode. Then, at least motor starting of the SM
has to be assured. The most sophisticated starting process is synchronous starting
also called variable speed operation. It is obtained by frequency converter, whether
by current source inverter (CSI) or voltage source inverter (VSI). In wind power
generation, SM could be also used. Then, it is also used for variable speed operation.

Except from SM used in power generation, SM could be also used as AC drive
systems in industrial applications with high power demand such as coal mines,
metal and cement industries. It is also used for ship propulsion.

AC drive system for SM is traditionally done by CSI topology with thyristors.
Although CSI has some advantages, VSI topology has been also used lately. It is
mainly due to development of fully controllable switches (IGBT, GTO, etc.) that are
nowadays also used for high power demands. Due to its controllability, PWM could
be easily applied on VSI topology.
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Because of the salient poles, a large number of coupled variables and high
nonlinearity, the SM is a complex dynamic system with a number of unknown state
variables. To obtain its control, classical system uses PI controllers for stator dg
current components control. But due to SM’s complexity, it is not possible to obtain
tully decoupled torque and flux control. Namely, change of any current component
necessary changes both; torque and flux. Another difficulty is unknown damper
winding current.

This work examines a novel control method for variable speed operation of a
SM. To overcome mentioned obstacles arisen from SM complexity, novel control
will be nonlinear. VSI topology is suitable to be used with this novel control. The
goal of the control system is to obtain high performance speed tracking system. To
achieve this, it is necessary to have an adequate observer for damper winding states,
as is similarly done in induction motor drive system [1].

There are not many studies regarding SMs AC drive system; whether with linear
or nonlinear control. Classical vector control is rotor field oriented control used with
the following assumption: if the flux is constant, the q-current component can
control electromagnetic torque. For induction motor drives this assumption holds,
but if this method is used for SM control, the q-current component will essentially
change the flux [2]. It is said that control is coupled and this is why SM vector
control is not efficient enough. There are few ideas on how to solve this problem. In
[3] stator flux orientation control is used. With this orientation, through excitation
current compensation, better flux control is obtained. Unfortunately, a control
system with many calculations (coordinate transformations, PI controllers, and
other) has to be used. Also, damper winding current affect has not been taken into
account.

Regarding nonlinear control SM applications, a few methods are used:
backstepping [4], passivity [5] and adaptive Lyapunov based [6]. The passive
method [5] fails to give better results and the backstepping [4] method fails to take
damper windings into consideration. In [6] new algorithms are proposed, but
besides of their complexity, a control in excitation system also has to be used.

The aim of this work is to find deterministic observer for a SM and to use it by
nonlinear control law. Parameter adaptivity and load torque estimation is also
considered. Finally, high performance VSI drive system without excitation system
control is thus obtained.

2. Observers

In this section observers for SM are presented. Starting from the SM dynamic
system, damper winding deterministic observers are made. At first, an observer
with damper winding currents is given. Then, full order and reduced order
observers for damper winding fluxes are presented. Observability analysis
for the full order observer is given. Stability is approved with Lyapunov stability
theory.

Finally, load torque estimation system is presented. Observability of the
expanded system is analyzed and the model reference adaptive system is given.

2.1 Damper winding current observers

Synchronous machine can be described as a dynamic system of six state
variables. If five of them are set to be SM currents and the sixth is rotor speed, SM
dynamic system is:
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f1liqg +fiaw +f3iro +f,/ipo +fsiq +f¢uy
Ja'tatq + Jolipiq + j3'tigip + j4taiq + js'T1 i

(1)

To obtain high performance drive all SM states should be known. Since damper

winding currents are normally not measured, to make all states available, an
observer has to be made. In Eq. (2) is an expression of the SM deterministic

observer with damper winding currents.

ai'iy + az/iqa) + ﬂ3/iQa) + a4’if + a5/ ip +ag'uy + ay’uf

b1'ig + b)'iz0 + b3’ zQa)~|—b41f + b5’ zD + be'ug + b7'us
c1'iy +czzqw+63 zQa)—l—c4 lf + s zD + c6'uy —|—c7uf
di'iy + doigw + ds'irw + dy’ zDa)+d5 iQ +d6uq
Filig +fyliaw +f3lipo + £, ipo +f'iq +fgu,
Ja'tatq + J5'1l + Jylig ip + jyliaiq + js'TL |
[ k11'e1 + ki'er + kia'es + kig'es ]
kx'er + ka'er + kas'es + kag'es
k3i'er + k3'es + kss'es + ksg'es
ka'er + kad'er + kad'es + kas'es
ksi'er + ksy'ex + ksa'es + kse'eg
| ke1'er + ker'er + kea'es + ksg'es |

(2)

Observed values are noted with “~”; ¢, are errors, differences between measured
and observed value; while k,, are adaptive coefficients used to obtain the convergence.

If the observer in Eq. (2) is made only with observed values and errors [7],
damper current observer Eq. (3) is obtained.

[ a1'iy + az’i;c?) + ag’z'/Q\ﬁ + a4’i; + as’?g +ac'ug + a7'us
bi'ig + by'iz@ + b3'iqd + by'ip + bs'ip + be'ug + by'us
iy + cz’i;c?) + 03’i/Q\aA) + cli} + c{% +c6'ug +c7'uy
iy + Ay 1g@ + d3'izd + dyipd + ds'iq + de'ug
filiq +£,/1a0 +£3/i50 + £, in® +fiq +s'ug
ju'tdiy + 'iflq + §3't ip + jy'taiq + js T

[ ki1'er + ki'er + kid'es + kig'es
kxi'er + ka'er + kos'es + kog'es
k3i'er + k3y'er + k3s'es + ksg'es
ka'er + kar'er + kas'es + kas'es
ksi'e1 + ksy'er + kss'es + kse'es

| ke1'er + key'er + kea'es + kes'es

(3)
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There is a way to define adaptive coefficients in each one of the observers given
in Egs. (2) and (3) to prove their stability according to Lyapunov theory. The proof
is extensive and is given in [8].

2.2 Damper winding full order flux observer

If the SM dynamics given in Eq. (1) is changed in a way that damper currents
states are replaced with damper fluxes states, its dynamic system will become:

[ 4y ] [A1ig + axif + azigw + asyp + asw oo + asity + azuf ]
i]} biig + baip + bzigw + bayp + bsyqo + beug + byug
t//:D - C1ig + C2df +c3wp @
ig diig + daigw + dsirw + dswyp + dsyq + deuy
waq fliq +f2WQ
o | i &ilalq + &yifiq + g3igWp +g4lavq +&5sTL

Using dynamic system given in Eq. (4) it is easier to obtain an observer. As it is
shown in Eq. (5), full order observer with damper fluxes is:

I " anig + agip + a3igw + agip + aspgw + agig + azup + kuer
if b1ig + byif + b3igw +bayp + bswqo + beug + byup + kxe;
D _ C1iq + Col + c3wp + k3aier + kager + k3zeq + kaqes 5)
i‘; diig + dyigw + dzipw + dawyp + dsy g + deug + kazes
e frig +fowq + ksier + ksyer + kszeq + ksaes
WS ilatq +&yiflg +&31q¥p +&4taWq +&5TL + Reses
L @ |

The analysis of the observability is based on nonlinear system weak observability
concept [9]. According to reference [9], rank of the observability matrix O has to
be checked.

Regarding the measured outputs, determinant of the arbitrarily chosen observ-
ability criterion matrices has to be calculated. The first criterion matrix O, is chosen:

aLJE’id aLJ9id aL}’id aLJQid aLJQid aLJE’id'
dig O Opp Oy  Opg  Ow
oLfi oLfiy oLli; OLYie OLPip OL{if

[ dig ] dig  Oif  Odpp Oy Odpg  Ow
dig oLi, oLJi, oLYi, oLPi, oLPi, dLJi
di 01y o1 op o1 op 0w
01 = ' = Pt (J: oD (;] OQ 0 (6)
da) dea) dea) dea) deO) aLfa) dea)
d (Lfid) iy dif opp dig 9pq ow
| d(Lyif) | aL}z'd aL}id aL}z'd aL}id aL}id aL}id

0iy dif opp dig 0pq ow
1, 1 1, 1, 1, 1,
aLfH‘ aLfy‘ aLfH" dey‘ aLfy* dey
s dr  dpp 0, Opg O
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After each matrix member of Eq. (6) is calculated [8], its determinant
calculation gives:

®LnaLmgR
Det(O1) = — 3 3 3 3 (7)
LDLQ (LdLDLf — LyL,,u° — LpL,,;~ — LfLmd 4+ 2L,,4 )
The second criterion matrix O, is chosen:
'aL}’id aL}’z'd aLﬁid aLJQid aLﬁid aLJ9id'
dig  Odf  Opp Oiy Opg 0w
oLfip oLfiy oLliy OLfie oLPip OL{if
[ diy ] iy dif  Opp Oy  Odpg 0w
di oL%, oL%, oL%, oLY%, L%, oLY%,
di, 0iy Oif opp dig 0pq 0w
0, = = (8)
do oL Lo L'o Llo Llo ILiw
d(Lyia) dis  df Opp iy Opg 0w
| d(Lyiy) | dLyiq OLjiy OLfiy oL}y oL}, OLfi,
diy oif opp dig dpq ow
dLjiy OLgig OLfiy OLgig OLfiy  OLgig
| %is  dir  Odpp 0, Odpy do |

After each matrix member of Eq. (8) is calculated [8], its determinant
calculation gives:

Det(0y) = — @ Lind (—=Lp°LfLimg + LpLiaLing) B
’ Lp*(—LaLpLf + LaLya® + LoLma® + LeLina® — 2Lina”) (—=Lmg” + LgLq)

B LingRo (~LfLaLoRp + Lina*LoRp)
LpLo*(—LaLpL¢ + LaLya® + LpLya® + LeLia® — 2Lna®) (—Lmg® + LgLq)
9)

While observing both determinants (Egs. (7) and (9)):

Det O, # 0, for w # 0, while Det O, # 0, for = 0 it is easy to see that:

Det (0O1) # 0 U Det (O5) # 0 = > rank {O} = 6.

Matrix O is full rank matrix and it could be concluded that the system is weakly
locally observable.

To make a proof of observer Eq. (5) stability, Lyapunov function Eq. (10) is
proposed:

2 2 2 2 ek ¢
Vy=-t42,73 74,75 ,76 10
1=ttt S+ (10)

Equation (10) is positive definite function of the error variables: e;, e, €3, e, es,
ee. Error dynamic system is obtained by Egs. (4) and (5), and the result is:
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Ce1 ] ases + aswes — k€1
€ baes + bswes — kxeq
€3 c3e3 — k3ier — ke + kazeq + kasee
= (11)
€4 dswes + dses — kazeq
€5 fres — ksier — ksyer — kszes — ksaes
| ep | i 831463 + g4iges — keaes |

Then, derivation of the Lyapunov function Eq. (10) is done. Using substitution
of the Eq. (11), the results is:

Vi = ageies + aswejes — kne% + bseyes + bsweres — kzze%—I—
2 _1 -1 —1 — 1 d
+cC3e3 — K31e1€3 — K3€7€3 — K3ze3es — K3g€3€6 + dgme3€4+
+dseses — kyze] + +frel — ksieres — ksyeres — kszeqes

—ksseses + +g3iqe366 + g 0qe56 — k64eé (12)
If the coefficients k., are defined as stated:

k3; = a45ksy = bysksz = dywsksg = gjigsksy = aswsks; = bsw;

ks3 = ds;kss = g4igsKki1, koo, kaz, kes>0
Derivation of the Lyapunov function becomes:
Vi = —kned — knes + cse3 — kazel +f 62 — keacy (13)

Due to the character of the damper winding, the parameters c3 and f; are
negative for each SM. That is why it is easy to make Eq. (13) to be negative definite.

When V; < 0 is achieved, a global asymptotic stability of the observer is proved.

2.3 Damper winding reduced order flux observer

To obtain full order observer it is necessary for the stator and rotor voltages to be
known. Knowledge of the load torque is also needed. Therefore, simpler observer
has been found reference [10]. If the stator and rotor current dynamics equations
from the dynamic system Eq. (4) are omitted, reduced order observer could be
defined:

72 c1ig + colf + c3yp + ke
Wa — fliq +f2WQ\+ ksies (14)
& Zilalq + &yifiq + Z3iqWp + 4iaWq +&sTL + keies

It is easy to see that to obtain an observer Eq. (14) it is not needed to know the
stator and rotor voltages.
Stability can be proved by the following Lyapunov function:

2 et ¢
V:§+§+§ (15)
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Error dynamics are obtained in similar way as for the full order observer. If the
coefficients k., are defined as stated: k3; = g3 iy, k51 = g4 14, k61 > 0, derivation of the
Lyapunov function is negative definite and stability of the observer is proved:

V= 6‘36% +fze§ — k61€% (16)

If the motion dynamics equation from the dynamic system is omitted, the
simplest observer can be defined:

7 c id + coif + C3l/7\
0] fiig +favq

This observer includes only damper winding dynamic equations, and for its
operation only rotor and stator current components are needed.

Stability can be proved in the same way as for the previous observers. If a
positive definite Lyapunov function Eq. (18) is considered:

2 2
., 5%
3,5 1
V=243 (18)
It has negative definite derivation Eq. (19) and stability is proved.
V = c365 +f e (19)

2.4 Damper winding flux observer with adaptation of resistance

Full order observer can be also used for the adaptation of the stator and rotor
resistances. Firstly, dynamic system Eq. (4) has to be expanded:

B [ aqiy + asip + azigw + asyp + asy oo + asipRe + azigRs + aguy + asuy ]

14
i big + baif + b3igw + bawp + bswoo + beisRy + briaRs + bgug + bous
WD C1iq + €2l + 3w p
i | driy + daigw + dsiso + daayp + dsyq + deigRs + dyu,
wq faig +fawaq
L @ | I &ilalq +&lftq +g3iqWp +84layq +&sMr

(20)-

In a similar way as for the full order observer Eq. (5), an observer for adaptation
could be defined:

i; —alid + ayip + aziqo + ayp +asyqo + a6if§f + ayigR, + aguy + asts + krger -
z? b1ig + baif + b3igw + bayp + bsyqo + b6if§f + byigR; + bgug + bous + ke
UjB = C1ig + catp + c3wp + ksier + kxes + kazes + k3seq
i; diig + dyigw + dsir + dyoyp +dsiyg + d6iq}/€5 + dyuy + kazes
117'5 fiq "’fz@"’ ksie1 + ksaex + kszes + ksaes
o] L Lildlq + &yifig + &aigWp +g4iaWq +gsMr + keaes _

(21)
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Its error dynamics Eqgs. (20) and (21) are obtained:

(e ] [a4e3 + aswes + ﬂ6l'fARf + a7iAR; — kq1e1 T
e b ez + bswes + b6ifARf + b7i AR, — koeq
e3 | c3e3 — kaier — kxoex + kszes + k3acs 22)
€4 dswes + dses + deigAR; — kyzeq
€s fres — ksier — ksyer — kszes — ksaes

€6 L 831463 + g4iqe5 — keaes A

For the positive definite Lyapunov function:
V _— 6‘% 6‘% 2 2 65 2 ARf ARsz (23)

22222222

under the assumption that the changes of the rotor and stator resistances are much
slower than the changes of electromagnetic states, derivation of the Eq. (23) is:

Vi = aseie; + asweres + agire1 ARy + azige; AR — kue% + bseze; + bsweyes+
+b6if€2ARf + b7id€1AR5 — k22€% + C3€§ — k31€1€3 — k32€2€3 — k33€3€4
—k34e3e6 + daweses + dseqes + dgigesARs — k43ei + fzeg — ks1eqe5

—1(526265 — 1(536465 — —k54€5€6 +g3iq€3€4 —|—g4id€5€6 — k64€% — ARSRS — ARfRf

(24)

If the rules for resistance adaptation are given as stated:
Ry = agiger + beiser (25)
R, = aiges + brige + deiges (26)

Derivation of the Lyapunov function in Eq. (24) becomes the same as the one
given in Eq. (12), and stability of the observer Eq. (21) is proved.

2.5 Load torque estimation

To accomplish the SM speed tracking control, except from damper winding
observer, load torque estimation is also necessary to be done. SM dynamic system given
in Eq. (4) is expended with more state variables. One of them is rotor angle (y) which is
measured state variable. Another is load torque (77) that is not measured. Although
load torque dynamic is not known, according to reference [11] it could be added as a
state variable with the first derivation equal to zero. Expended dynamic system is:

iy ] [a1iq + azip + azigw + asyp + asy oo + asty + azuy
i]} b1ig + bais + b3igw + bayp + bswqo + beug + byug
WD C1ig + C2df + C3yp
ig | _ | daig +daiqw + dsigo + dawyp +dswq + deug -
vq fig +fwa
w Zalalq + &ylflq + &3lqWp +glaw o +&5TL
v w
7.1 L 0 1
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Observability analysis of the Eq. (27) is obtained according to the nonlinear
system weak observability concept [9]. Observability criterion matrix O; (28) has
been chosen:

'aLJQid aL]9id aLJ9id aLJQid aLJQid aLJQid aLJ?id aLJ?id'
diy dif opp dig 99q ow dy JaTy,
oLfis oLfiy oLlip oLfip oL{ir JL{i; OLfiy oLRif
0diy dif opp dig 9pq ow dy o7y,

[ dig ] oL{ig oLli, oL{i, oLfi, oLfi, oLfi, oLfi, oLi,

diy dia O dpp Oy dpy Odw oy  ITy

f;q 6L19 y 0LJ9 y 6LJ9 7 GLJ? y GL}) 4 OL}) y 0L]9 4 0L]9 y

P B T B B A A e

. £ld £ld ()szd ()szd 6szd asz,,, aszd dezd

d(Lyiy) ds o Opp Oy Opq o oy  dTy
d(Ly7) dLyiy OLfig OLpig oLpi, OLfiy, L, L{i, IL{i,

d (Lfy) | dig o opp 0, Opg Odw oy  oTy

0L}y GL}}/ dely dely ()L}y ()L}y dLJQ y ()LJ? y
diy dig opp dig 9pq ow dy JdTy,
GLJ%y 6Lfy dLJ%y aLJ%y GLJ%]/ OLJ%}/ dLJ%y 8LJ%}/
0diy dif opp dig 9pq ow dy oTy, |

After each matrix member of Eq. (28) is calculated [8], its determinant calcula-
tion gives:

@ Linalq (—LpL¢Lmg + Lya*Ling)
2HLpLq (—L4LpL¢ + LaLma® 4+ LpLya® + LtLya® — 2Lina’) (—Lmg” + LyLq)
B LingRo (—=LfLygRp + Lya®Rp)
2HLpLq (—L4LpLf + LaLmg® + LpLya® + LtLma® — 2Ling’) (=Lmg” + LyLq)

Det(Ol) =

(29)
Observability criterion matrix O, has been chosen:
_aL}’id aLJ?id aLJQid 6L]9id aLfOid aLJQid aL]‘?id aLJQid i
diy dif opp dig dpq ow dy aTy,
0- 0- 0 0- 0 0 0 0
T diy dif opp dig dpq ow dy a7y,
a oLfi, oLi, OJLfi, oLfi; oLPi, oLfi, oLPi, OLPi,
Zz_f dis  dr Odpp iy dpg Ow oy  OTy
Y oLfy OL{y oLYy oLYy oLy oLy oLy LYy
dr dia O dpp Oy dpq Odw  dy  IT
0, = d(Lfid) = 1 1, 1, 1 1; 1; 1; (30)
oL 14 oL 14 oL 14 oL 14 oL 14 oL 14 oL 14 oL 14
A(Lei f i f f f f f f
(Lyi) ds o opp Oy Opg  Ow o  oTy
1. 1. 1. 1. 1. 1. 0 0
d(Lyr) oLy oLYe oLliy oLNe oLl oLMy oLl oLV
d(szy) o, o opp i, Odp, Odw o  aT,
) } oLy oLjy OdLgy dLjy dLgy dLjy dLfy dLfy
diy dif opp dig dpq ow dy a7y,
OLJ%}/ aLfy OLJ%y OLJ%y ()LJ%)/ 0L}y aLJ%y 0LJ%}/
| dig ig opp dig dpq ow dy Ty, |
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After each matrix member of Eq. (30) is calculated [8], its determinant calcula-
tion gives:

wLmdLquD
2HLpLq (—LaLpLf + LyLia® + LpLma® + LfLma® — 2La® )

Det(0,) = (31)

While observing both Egs. (29) and (31):
Det O1 # 0, for @ = 0, while Det O, # 0, for w # 0

It is easy to see that: Det (O,) # 0 U Det (O,) # 0 = > rank {O} = 8.

Matrix O is full rank matrix and it could be concluded that the system in Eq. (27)
is weakly locally observable. After it is concluded that the system is observable, a
load torque estimator has to be made.

Using comparison between measured and calculated rotor speed values, a model
reference adaptive system (MRAS) has been made.

Starting from the system that includes only rotor angle and rotor speed
dynamics Eq. (32), the stability analysis of the proposed MRAS estimation has
been made.

HE "1 (32)
@ gsTL + 2H T,
where Te states for electromagnetic torque.
Then, an observer is proposed:
H B &
@ gsTL+ogTe

Both, reference Eq. (32) and observed Eq. (33) systems can be noted in the form
of linear systems as is given respectively in Egs. (34) and (35):

[X] = [A][X] + [B][U] + [DJ; (34)
{;?] = [A][X] + B)[U] + [D]; (35)
where:
SRS
2H

Error dynamics is obtained by Egs. (34) and (35):
€] = [Alle] — [W] (36)

where:

10
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Expression in Eq. (36) can be noted as:
& {0 1] &
£, 0o Eu

According to the Popov stability criterion, stability will be proved by achieving
the condition:

0

2 (TL B ﬁ) (37)

| erwae> - 72 69)
0

whent > 0,y > 0.
With further expansion of the Eq. (38), stability condition becomes:

t

J e,€,]

0

o(n 1)) % @

t
ngg5 (TL —~ TZ) > — 75 (40)
0

According to the literature reference [12] it is obvious that inequality Eq. (40) is
satisfied if:

—~ 1 t 1
T, = TL(O) -+ kp lew ﬁ:| —+ k,’[o |:8w ﬁ:| dt (41)

According to [12] stability of the load torque estimation Eq. (41) is achieved for
each positive value of the proportional k, and integral k; coefficients.

3. Control law

Nonlinear control system is made by feedback linearization technique. It is not
possible to obtain exact linearization for the SM system, so partial input output
linearization has been applied. Using Lie algebra, the decoupled control system has
been made. Control demand is to make a tracking of two outputs: rotor speed, and
square of stator magnetic flux: @, \TJSZ = \TJ?, + lTI;

According to the feedback linearization technique, output should be derived
until in its expressions an input variable appears.

After the first derivation of the rotor speed Eq. (42), output variable has not
appeared.

@ = gyiaiq +&yifiy +3iqgPp +84iadq +&5TL +keaee (42)
Equation (42) could be noted as:
@ = hi +gsT1 + 4 (43)
where:

hyy = gyiaty + gyifiq +83iq@p +&41aPq (44)

11



Control Theory in Engineering

A = kesey (45)

Since the output variable has not appeared yet, derivation of the additional
output variable /1, has been done. After the derivation of /4;, that is actually an
electromagnetic torque, output variables appear. Derivation of /4 is given in
Eq. (46), and derivation of the second output variable in Eq. (47).

hi = Liha + Lgahiug + Lgphnuy, (46)
y? = Lf‘l/’:3 + a2 + Ly 2ug (47)

Dynamical system of the output variables is:

@ hi + &TL+A
Hl\l = thll + Lglhnud + nghnuq (48)
w? Low? + Lgwwiug + Looyiug

It is possible to obtain the control of the last two variables, as stated:

}f\ Lo uy
il I A e (49)
vl Llgwe %
where G is decoupling matrix:
- Lglﬁﬂ ngﬁi (50)
Lgww?  Lgow?
Now it is possible to define the control law:
“Lihy — kg + h —e
u 1 168 + N1y, 7
{ d} —gt| 7 ! (51)
Y —Lay? — kyeo + 2 ¢
where difference form the reference values are:
€7 = o — Wrefs €8 = i‘1\11 - hllref; €9 = \Ijg T \Vgref
If h11, is defined given:
hllref - wref _g5TL - kp067 —-A (52)
Using (51) and (52), further expansion of Eq. (49) gives:
}f\ Lih —Lihu — keyieg + hllref —e7
el e IR Eelcal A | (53)
w? Loy —Lyyd — kpaeo + w77
ho ikt — Lohag — kyies + hnrqf —e7
o T . (54)
) Lew? — Lay? — kyoeo + s
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(55)

1’;;1 _hll”ef o |:_kp1€8 — €7:|

/5_ 2

- 4
Y l//srq” P29

In Eq. (55) error dynamics of eg and ey are obtained. It is left to obtain error
dynamic of the e,. Using Egs. (43) and (52) error dynamic of ¢; is obtained and its
expression is given:

O — Wyf = hu +25TL +A — hityy — 85T — kyoe7 — A (56)

w — a)mc = €8 — kp0€7 (57)

Using Egs. (55) and (57) the complete error dynamics system is obtained:

. ® — a.)r
€7 I € — pre7
ég | = | hi1 — hllref = | —Rpieg — €7 (58)
€9 - 2 —Rp2€9
Vs — l/jsrqf 4

From the Eq. (58) it is easily seen that convergence of the rotor speed (electro-
magnetic torque) is independent of convergence of the magnetic flux. It could be
said that completely decoupled control system is achieved.

Stability of the control system can be proved by the following positive definite
Lyapunov function:

€
V= St +5 (59)
Derivation of the Eq. (59) Lyapunov function is:
V = €767 + eség + eobg (60)
Using Eq. (58), derivation Eq. (60) could be expanded as given:

V = €768 — kp()e% — kp1€§ — €763 — kpzeg (61)

V = —kpoe% — kpleé — kpzeg (62)

If the coefficients k0, k,; and k,, are positive, derivation of the Lyapunov
function Eq. (60) is negative definite and stability of the control law is proved.
4. Comparison of nonlinear and linear control systems
4.1 Control law for linear control system

Linear control system is based on stator field orientation control principle. It is
cascaded control system with inner and outer control loops. Outer control loops are
made for rotor speed and magnetic flux control, while inner control loops are made

for current components control.
At first, current components control in inner loops will be defined.

13
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If dynamics of the damper winding are neglected, equations of the SM system
could be simplified. Then, the equation in the stator d-axis is:

. dld Lmd2>
ug=Rjy+— Ly —— | +¢4 (63)
dat ( Lf
where
Lmd .
=N (=iRr +ur) — 90 (64)

If the additional variable #; = u,; — ¢, is introduced, Eq. (63) becomes linear
differential equation of the first order for the current componentiy:

—~ . dld Lmd2
ug = Riiy + I <Ld — Lf ) (65)

Similar algebra could be done with the stator g-axis equation. Using additional
variable u, = u, — ¢, and Eq. (66)

LngRq
Lq

€q = — ZQ + Q0¥ (66)

a linear differential equation of the first order for the current component i, is
obtained:

2 .
Ling* — LyLq dig

—_~ — RS . _
“q g LQ dt

(67)

Components ey, ¢, will be incorporated into the control system as decoupling.
When the Egs. (65) and (67) are transformed into Laplace domain, the following
transfer functions are obtained:

Uig(s)  Tecdqs +1

G(s) (68)

where:

L¢
Ling’
_ q
Leq = Lq — o
Lcc,d
Tee,d = R
s
. . Lcc,q
ce,q — R
s

It is easy to see that Eq. (68) can be controlled in a closed loop by simple PI
controller:
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K
Cp](S) =Kp+ TI (69)

Tuning of the PI controllers is done according to Internal model control
reference [13] (IMC) method as is given:

Kp = achcc,d (70)
—Ki — accRs (71)

where a,, for the first order system is defined as:
Aee = ——— (72)

and ¢, . is stator current response time that is for most of the industrial applica-
tions [14] set at 5 ms.

Outer loop for speed control is then analyzed.

The transfer function of the current control closed loop G..(s) is:

Cp] (S)G(S)
GCC C — T a4 < 73
W) = 1T Cul1GE) 7
After some algebra Eq. (73) could written as:
aCC
= 4
Gcc,cl (S) s +a, (7 )

Outer control loops will be also controlled by PI controllers. In that case, the
complete control loop for the rotor speed is given in Figure 1.
Open loop transfer function of the rotor speed control is:

Kpo(Tiws +1) a, 1
_ Bpo\lio c  +
Goat(s) = TioS S+ acJs (75)

According to the Eq. (75), stability analysis of the SM1 speed control loop has
been done. In Figure 2, root locus diagram is given. It shows that, due to damping
factor, values of K,,,, should not exceed 14.

According to the Bode diagram, given in Figure 3, the stability phase margin is
almost 60 degrees for K,,, higher than 10.

According to Figure 1, torque load could be analyzed as an input disturbance.
Load sensitivity transfer function is obtained:

P(s)

Gay(s) = 15 P()CO) (76)
sref Ps T
w ref 4 i !
1/1s
Grs) > / > Gecals) > *

Figure 1.
Control loop of the rotor speed.
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Figure 2.
Root locus for speed control.

Bode diagram
T

100 T

amplitude (dB)

120 - ———— - ——e - ————

-150 - —kp=13 |

phase (deg)

_180 r— ssm shnsionto e e om oo cmi om oo dom s o o i o sutfe sl st Py Ry ey L sem r=
10° 10° 102 10° 10*
freauency (rad/s)

Figure 3.
Bode diagram for speed control.
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Step response for the torque disturbance is given in Figure 4. It could be seen
that peek response for K,,,, higher than 10 is acceptable.

Then, K;, is to be defined. Firstly, time constant of the inner control loop is
defined as:

where (s)

L.
Tz' cc —
’ R

s

(77)

According to the symmetrical optimum method [13] integration time constant
of the outer loop circuit should be:

Tiw == 4Tz',cc (78)
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Finally, K;,, can be defined as:

K,,
L4 (79)

K, =
Tia)

Transfer function of the open loop flux control could be obtained:

Kpy (Tiws + 1) dee 1

Gyo(s) =
v 1(s) Tiys S+ ags

(80)

It could be seen that the only difference between speed Eq. (75) and flux
Eq. (80) transfer functions is in the inertia factor J. That is why the flux control
stability is analyzed in a similar way as it is done for the speed control loop.

4.2 Simulation

To make a comparison between nonlinear and linear control systems, simulation
studies have been done. Starting process of lower power (8.1 kVA) SM1 and higher
power (1.56 MVA) SM2 synchronous machines have been simulated. Simulations have
been obtained in the same file under the same circumstances. Machines were con-
trolled only through the inverter that was connected to the stator winding. On the rotor
winding constant nominal voltage was applied. Nonlinear control system have used
reduced order observer, while linear control system have used damper winding cur-
rents directly from the SM model. Therefore, some advantage was given to the linear
control system. Parameters of the synchronous machines have been given in Appendix.

4.2.1 Results for SM1

In Figure 5, results for the starting of the SM1 have been given. It includes rotor
speed, electromagnetic torque, rotor speed error and stator flux error. It could be
seen that rotor speed error is significantly higher for the linear control system.

4.2.2 Results for SM2

In Figure 6, results for the starting of the SM2 have been given. Rotor speed
error for the linear control system is again significantly higher. Electromagnetic

Step response

kp=5
kp=10
kp=13

Amplitude

-
=
—
=
]
=
Lad
=
I

Figure 4.
Step response for input disturbance.
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SM1 comparison.
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SM2 comparison.

torque in linear control has some oscillations at the beginning and at reaching of the
nominal speed.

5. Processor in the loop testing

Model based development is an approach that can handle complexities of vari-
ous range of products. It is primarily used for early error detection. Using that
approach, control system can be tested in phases. The first phase is called model in
the loop (MiL) testing, the second one is processor in the loop (PiL) and finally
there is hardware in the loop (HiL). In this work except from MiL, also PiL testing
has been done. The testing equipment consists of:
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Matlab Simulink R2015a, OS Windows 7

Code Composer Studio CCSv5

TI C2000, C2834x control card

TMS320C2000 XDSv1 docking station

Data exchange between Simulink model and C2834x control card has been done
in real time by serial RS232 communication. During the PiL testing, data precision
has to be reduced from double to single. For this reason some error in performance
is expected.

5.1 Testing scheme

In Figure 7, the scheme of PiL testing system is given. In the Simulink model
energetic part (SM, inverter and DC source) has been running, while the complete
control system has been running on the processor.

C2834x +XDSv1

M

SPACE VECTOR
MODULATION > INVERTER

CONTROL
LAW

Isst

Us st

AA A

TRANSFORMATION

Figure 7.
PiL testing scheme.
rotor speed (p u) electromagnetic torque (p u)
T 04} .
—rotor speed reference
08F —rotor speed -
0.2F .

06

04F

0.2F

0 0.2 0.4 0.6 0.8 1 1.2 0 0.2 0.4 0.6 0.8 1 1.2
time (s) time (s)

Figure 8.
Starting of SM1-PiL.
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To check the novel control algorithm PiL, testing of both (SM1 and SM2)
machines have been done. Testing included starting process, reversing of the speed
and load step changes.

5.2 PiL testing of SM1

In Figure 8, results for the starting of the SM1 have been given. Tracking of the
reference speed is precise.
In Figure 9, results for the reversing of the speed of the SM1 have been given.
Tracking of the reference speed is again obtained precisely.

rotor speed (p u)

1] T T T .
——rotor speed reference
0.5 —rotor speed -
0 = e
05 4
1.5 2 25 3 35 4
time (s)
Figure 9.

Reversing of the speed of SM1-PiL.
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Figure 10.

Load step changes of SM1-PiL.
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Starting of SM2-PiL.
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Load step changes of SM2-PiL.
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In Figure 10, results for the load step changes of the SM1 have been given. The
step change is from no load to 100% of the nominal load. Except from rotor speed
and electromagnetic torque, results of damper flux observer and load torque esti-
mation are also given.

There is an error of about 10% in observer operation, and an error in load torque
estimator of about 5%. This is due to reduction in data precision during PiL testing.
In spite of that, an error in speed tracking exists only during the step change and it
is about 3%.

5.3 PiL testing of SM2

In Figure 11, results for the starting of the SM2 have been given. Tracking of the
reference speed is precise.

In Figure 12, results for the reversing of the speed of the SM2 have been given.
Tracking of the reference speed is again obtained precisely.

In Figure 13, results for the load step changes of the SM2 have been given. The
step change is from no load to 100% of the nominal load. Except from rotor speed
and electromagnetic torque, results of damper flux observer and load torque esti-
mation has been also given.

There is an error of about 15% in observer operation, and an error in load torque
estimator of about 3%. This is due to reduction in data precision during PiL testing.
In spite of that, an error in speed tracking exist only during the step change and it is
about 2%.

6. Conclusion

Dynamical system of SM is characterized with high nonlinearity, variable cou-
pling and unknown damper winding variables. If the control of the SM is done by
the classical linear control system, its complexity has to be simplified. Usually,
dynamics of the damper winding are neglected. Besides, classical control use cur-
rents components controllers to obtain torque and flux control. Coupling in the SM
dynamical system makes that change of any current component necessary changes
both; torque and flux. Due to these reasons, classical system cannot provide effi-
cient control system with good dynamic performance.

Using nonlinear techniques, fully decoupled torque and flux control could be
obtained. To make it applicable, damper windings states should be known. In this
work, using damper winding observers and nonlinear control law, a high perfor-
mance rotor speed tracking system is obtained. Full order and reduced order deter-
ministic observers of damper winding currents and damper winding fluxes are
presented. Nonlinear control law is obtained using feedback linearization method.

A comparison between classical linear system and novel control system has been
done. At the beginning of the starting as well as at reaching of the nominal speed
classical control system exhibits oscillations, while the novel control keeps tracking
precisely.

Processor in the loop testing of the novel control system has been also done.
Except from damper winding flux observer, load torque estimation has been also
used. The system performance during starting, reversing of the speed and during
load step changes has been tested. Due to reduction in data precision, some error of
the damper flux observer and load torque estimator appears. In spite of that,
performance of the rotor speed tracking system is precise.

It could be concluded that proposed control system has advantages over classical
and gives some new opportunities.
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Appendix

Synchronous machine SM 1 parameters:

Power S,;: 8.1 (kVA), Voltage U,: 400 (V), pole pairs p: 2, frequency f,,: 50 (Hz),
stator winding resistance Rg: 0.082 (p.u.), stator winding leakage inductance L
0.072 (p.u.), mutual inductance d-axes L,q: 1.728 (p.u.), mutual inductance g-axes
Lmq: 0.823 (p.u.), rotor winding resistance R¢: 0.0612 (p.u.), rotor winding leakage
inductance L 0.18 (p.u.), damper winding resistance d-axes Rp: 0.159 (p.u.),
damper winding leakage inductance d-axes L,p: 0.117 (p.u.), damper winding
resistance g-axes Rq: 0.242 (p.u.), damper winding leakage inductance q-axes Lq:
0.162 (p.u.), Inertia constant H: 0.14 (s).

Synchronous machine SM 2 parameters:

Power S,,: 1560 (kVA), Voltage U,: 6300 (V), pole pairs p: 5, frequency f,,: 50 (Hz),
stator winding resistance Ry: 0.011 (p.u.), stator winding leakage inductance
Lss: 0.148 (p.u.), mutual inductance d-axes Ly,q: 1.177 (p.u.), mutual inductance
q-axes Ly,q: 0.622 (p.u.), rotor winding resistance R¢: 0.0017 (p.u.), rotor winding
leakage inductance Ly¢ (p.u.): 0,186, damper winding resistance d-axes Rp: 0.0481
(p-u.), damper winding leakage inductance d-axes L,p: 0.096 (p.u.), damper
winding resistance q-axes Rq: 0.0256 (p.u.), damper winding leakage inductance
g-axes Lsq: 0.0509 (p.u.), Inertia constant H: 2.2 (s).
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