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Simplified Voltage and Frequency Controller for Six-phase Isolated
Induction Generator Feeding Resistive Load

Kiran Singh
IIT, Roorkee.

Abstract: This article deals with a simple and moderate Matlab /Simulink software model of voltage and frequency
controller for a stand-alone (or an isolated) six-phase self-excited induction generator (SP-SEIG). A simplified pro-
grammed controller circuitry keeps the terminal voltage and generated frequency almost fixed in order to maintain the
uniform generator output power despite marginal drop in machine rotor speed during variations in consumer energy
demands. Dynamic simulation results verify the proposed control strategy for merely one value of resistive loading at

particular instant of time period.
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1. Introduction
When an induction machine is directly connected to
power supply, it runs only at its rated speed. Additionally,
the variable speed characteristic has continued to cause
impetus in electrical energy generation from nearby re-
newable sources. Further, distributed power generation
has also been emphasized the need of suitable generating
system and (or
non-conventional) energy source for remote locations.
Affectionate utilization of non-conventional sources in
fuel redemption have a need of low cost and appropriate
generating systems in enlivening the small (or large)
scale industrial applications and various future energy
demands. Stand-alone induction generators in conjunc-
tion with non-conventional energy sources have been
attractive substitutes by possessing numerous relative
advantages over conventional generators, and, certain-
ly become milestone for electricity production over the
past and future. The cost effective utilization of isolated
induction generator technology supports new opportunity
and development in supplement the electric power from
different site resources to underprivileged far-flung and
remote areast®.
In order to maintain the quality of consumer power

natural demand of renewable

in distributed power generation associated with locally
available renewable energy sources, it is also necessary
to maintain the simplicity, reliability and
er-friendliness of a generating scheme. To meet the re-
quirement of desired consumer power quality, it is also
important to develop a suitable controller for self-excited
induction generator to avoid the two most important
drawbacks which are associated with isolated mode be-
sides its benefits. Two main well known drawbacks that
are associated with it i.e. need of more reactive power
support during faults, and, poor voltage and frequency
regulation during variations in rotor speed, excitation
capacitance and connected machine loads. Therefore, the
driving and controlling of induction machines are prime
concerns in today’s energy conscious world to capture
the maximum allowable energy in efficient and econom-
ical manner®®l,

Basically, V and F (Molts and Hz) regulation is a
simple and popular scheme of speed regulation in induc-
tion machine usually used in industries for several dec-
ades. This scheme preserves the constant magnitude of
flux (i.e. ratio of litera voltage to frequency) during
voltage and across stator resistance. There are number of

us-
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Past frequency regulation at varying speed and load, and
disregarding any drop tures (missing words), which
demonstrate the improvement of voltage and frequency
regulation of SEIG by using additional series capacitors
and different types of controllers. Varieties of solid-state
controllers were also investigated for improving the
voltage and frequency regulation. There is also a need for
frequency regulation under varying prime mover speed,
excitation capacitance and load characteristics. A consid-
erable amount of work has been directed towards the
design and analysis of voltage and frequency regulators
for 3@ (three phase) induction generator®**!. Prior in-
vestigation was on voltage and frequency (Volts and Hz)
control of 3® SEIG, but no such work was available on
SP-SEIG, So, research work on Volts and Hz control of
SP-SEIG has been proposed for exploring the propitious
features of multi-phase machine conjointly stand-alone
mode of induction generator.
2. Control problem formulation
Block diagram of whole controlled machine system
is shown in Fig. 1, which consists of a SP-SEIG, two V
and F controllers with their control schemes for each 3@
sets, and connected equal resistive loads at both 3® sets.
The detailed of each V and F controller block is illus-
trated, independently, in Figure 2 and Figure 3, which
are combination of solid-state IGBT switch based
CC-VSI, AC filter inductors act as a bridge between the
outputs of inverters and SEIG terminals, DC bus capaci-
tor for filtering voltage ripples, and chopper for control-
ling dump powers. Identical control scheme of both V
and F controllers for each 3® sets is also shown, jointly,
in Figure 4, for the purpose of voltage regulation, elimi-
nation of system harmonics and load balancing. The phi-
losophy of control scheme is based on the mechanism of
source current control by virtue of A.C. voltage compo-
nents i.e. in-phase and quadrature. There are two PI con-
trollers and two PWM generators in each of the control
schemes. One PI controller is for A.C. terminal voltage
regulation and another is for D.C. bus voltage regulation.
Similarly, first PWM generator produces gating pulses
T1, T2 and second generates T3, T4 in each control
scheme across set | and 11, respectively!?*%.

3. Description on modelling of V
and F controller-SP-SEIG system
Mathematical modelling of whole system is mainly

divided in to two sub-sections and demonstrated below
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for simulation purpose:
3.1 Modelling of control strategy

Proposed Volts and Hz control strategies are con-
sidered in closed loop manner in Fig. 4. The aim of con-
trol strategies are, to regulate A.C. and D.C. bus voltages
and to generate triggering pulses at gates of IGBT
switches in VSI and DC chopper for both 3® sets as
shown in Figs. 2 and 3. Reference source currents can be
generated by instantaneous values of in-phase and quad-
rature components as:

I'rm=irad +i'raq;irb =irbd +i'rbq;
I'rc =i'rcd +i'rcq ; 1)
I'rx = i'rxd +i'rxq ; i'ry = i'ryd +i'ryq ;
I'rz=i'rzd +i'rzq;

Where, i'ra, i'rb, i'rc, i'rx, i'ry and i'rz are refer-
ence source currents through each of the 3@ winding sets;
i‘rad, i'rbd, i'rcd, i'rxd, i'ryd and i'rzd are instantaneous
values of their in-phase components; similarly, i'raq,
i'rbq, i"rcq, i'rxq, i’ryg and i'rzq are instantaneous values
of their quadrature components. The magnitude of
in-phase reference source current “i’rd’ is constant for
maintaining unvarying power generation and equal to
rated value of active power component of machine cur-
rent. In-phase reference source current “i’rd” is calculated
in Section 5.1.1 and instantaneous values of in-phase
reference source current can be written as:

i'rad = ha xi'rd;i'rbd = hb x i'rd’
i'rcd = he xi'rd; (2)

i'rxd = hx X i'rd; i'ryd = hy x i'rd’
i'rzd = hz x i'rd;
Where, h,, hy, he, hy, hy, and h, are in-phase
unit templates and given below:
ha:Va/th; hb:Vb/th; hc:Vc/Vu;
@)
hx:Vx/Vtz; hy:Vy/Vtz; hz:Vz/Vtz;
Ve = sqrt{(2/3) x (V2 + V2 +V2D));
Vio = sqre{(2/3) x (V2 + V2 +V2A)} (4)

The magnitude of quadrature reference source cur-
rent ‘i'rq’ is the output of A.C. terminal voltage PI con-
troller for maintaining constant terminal voltage and it is
equal to the final simplified values of following derived
equations. The outputs of A.C. voltage PI controllers:

iqul(i) = iqul(i-l) + Ko {Verl(i) - Verl(i-l)} + KialVerl(i);
()
iqu2(i) = iquZ(i-l) + Kpa2 {VerZ(i) - VerZ(i-l)} + KiaQVerZ(i);
(6)
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Verl i — Vtref(i) = th(i), and
Verz i = Vet - Vt2(i);

Vet iy IS reference AC terminal voltage, and, Vy
and Vy, g are i"" time instant Vy @and Vg g can be giv-
en by the Equation (4). Kpal and Kpil are proportional
and integral gain constants of the AC terminal voltage
‘PI’ controller for set I, and, Kpa2 and Kia2 are propor-
tional and integral gain constants of the AC terminal
voltage ‘PI” controller for set Il. Similarly, i'rql (i) and
i'rgq2 (i) are i instant compared AC voltage controller
outputs, and, i'rql (i-1) and i'rg2 (i-1) are (i-1)" instant
compared AC voltage controller outputs in set | and II,
respectively. In same way, Ve and Ve are i instant
AC terminal voltage error on set | and II, respectively,
and Ve and Verpy are (i-1)th instant AC terminal
voltage error on set | and set I1, respectively.

For instantaneous values of quadrature reference
source current, following formulation can be written as:

Where,

i'raq = qa xi'rql;i'rbq = gb X i'ql
i'rcq = qc xi'rql; (M
i'rxq = qx X i'rq2;i'ryq = qy X i'rq2;
i'rzq = qz X i'rq2

Where, ga, gb, qc, gx, qy and gz are quadrature unit

templates given below:
ae = {(heho) 13 };

i'rae = I ra = ira 1
@o={((h ) (33) ezl =y - g ;
Q- = ((h”' he) / (Z/§> ) -ﬁha/Z}; 'ee = 1" = e ,
g = (hl‘hy)/‘/g}; i'rxe = ier = ifX ,
q = [(hy- h.) 1 (%3) )+\/§hx/2}; | "we = | "y - _iry ,
g: = {[(hv' h.) / (2/5) j _\/§hx/2}; I'ee = 1'n Iz

®)

While, ira, irb, irc, irx, iry and irz are source cur-
rents in PWM current controllers of both 3® sets. Com-
parison generates error signals which are used for the
triggering purpose at the gates of IGBTs (S1-S14) in both
the VSI bridges of 3® sets and are written in Equation
(10). The working switching patterns of all switches are
mentioned in !,

3.2 Modelling of V and F controller

Each V and F controller for every set (similar in
logic and operation) are shown in Figs. 2 and 3.
The basic building blocks of V and F controllers are
CC-VSil, series connected dump load and DC bus chop-
per, and their triggering pulses (T1-T4) from PWM cur-

rent controllers of control schemes. Modelling of
Progress in Energy & Fuels

CC-VsI followed by DC bus chopper is presented
for better understanding of controllers operations during
simulation.

Model of CC-VSI. There are mainly three sections
for modelling purpose as mentioned below:

DC bus voltages

de1 = {SW1>< jai + SWa X ibi + SWa X i + ((SW7 X Vdc) / Rd)} / Coc;

©)

dez = {SWAX ixi + SWs x ivi+ SWe X izi Jr((SWaXVdc) / Rd)} / Ce;

Where, SW;- SW;g are switching functions across
IGBTs and DC chopper switches for both 3® sets in
VSI bridges, [ is derivative term and remaining symbols
‘Ry¢” and ‘Cy4” are ‘dump load resistance’ and ‘DC bus
capacitor’, respectively, and their values are calculated in
Section 5.1.1. V. is a reference dc bus voltage.

3® AC line voltages
eai = (Vqg1/3) X 2 X Wy — SW, — SW3);
epi = (Va1/3) X (2 X Wy — SW, — SW3);
eci = (Va1/3) X 2 x Wy — SW, — SWs);
exi = (Vq1/3) X 2 X Wy — SW, — SW3)
eyi = (V41/3) X (2 x W, — SW, — SW5);
esi = (Va1 /3) X 2 x Wy — SW, — SWs) 10)

Where, e,, €y, €, €, €y and e; are instantaneous
generated inverter AC phase voltages from the output of
VSI. Equation (10) of CC-VSI can be rearranged after
applying Kirchoff laws and are used below in Equation
(112) in calculation of A.C. inverter currents.

3® AC inverter currents

piai = (Va - € - la X Rf)/l_f,
pi = (Vo - @i - in x Rr)/Ls;
pic = (Ve - €4 - ia x Ri)/Ls;
pixi = (Vx - B - In X Rf)/l_f,
piyi = (Vy - By - iyi X Rf)/Lf;

pizi = (Vz - @i - s X Rf)/l_f, (11)

Where, i, i, ici, ixi Iyi and i, are inverter output
controlled current. Ry and L; are ouput a.c. filter re-
sistance and inductance.

Model of DC bus Chopper.

The magnitudes of outputs namely V'¢; and Ve,
from corresponding D.C. bus voltage Pl controllers for
maintaining constant D.C. bus voltages from both
CC-VSI at i™ instant is equal to the simplified values of
following derived equations.

Outputs of D.C. bus PI controllers
V'ap = V'ai-y + Ko {Vdel(i) - Vdel(i—l)} + KinVeei;
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V'ien = V'edi-y + Kz {Vdez(i) - Vdez(i-l)} + Kiaz Ve, Vit Vo+ Ve =0;

(12)

Where, Kyqg; and Kig; are proportional and integral
gain constants of DC bus voltage PI controller for set I,
and, Kpyg, and Kig, are proportional and integral gain con-
stants of DC bus voltage PI controller for set Il. Similarly
Vip and Vg ) are i instant compared output of Pl
controllers, and V' (i-1) and V', (i-1) are (i-1)" instant
compared output of Pl controllers. Similarly, Ve and
Veoqiy are i" instant DC bus voltage error on set | and set
1, respectively, and Vgey(.1) and Veyiy) are (i-l)th instant
DC bus voltage error on set | and set Il, respectively.
DC bus voltage errors are comparative difference be-
tween reference and realized DC bus voltages and can be
written by following Equations (13).

Vierm = Vaw - Vaw; 4
V ez iy = Vdr(i) - VdZ(i); (13)

Var is reference DC bus voltage. Whereas, V)
and V) are realized magnitudes of DC bus voltages at
i" instant of time. Vg and Vg can be given by the
previous Equation (9). The compared outputs between
( V'ag) or V') and carrier wave ( Vi, triangular in
nature ) in PWM controller are responsible for genera-
tion of gating pulses in determination of triggering pat-
terns at DC chopper switches using switching functions
SD1 and SD2 in both VSI of set | and Il. When (SD1 or
SD2) is high “value is 1’indicates (V'c1 g 0r V'e2 i) > Vi)
and vice versa.

3.3 Modelling of loaded SP-SEIG

Modelling of SP-SEIG is already demonstrated in
Reference™ for study and analysis purpose. Generator is
resistively loaded in simple-shunt scheme across both
sets. Only one modification is taken placed during sim-
plification of the controller model for analysis purpose.
This is a delta to star conversion at the common coupling
points where delta excitation capacitor banks are con-
nected across both 3® sets and it is further converted in
to star excitation capacitor banks for the simplification in
the modelling of controllers. When delta to star conver-
sion was taken placed at common coupling points of
capacitor banks across both 3® sets, it is transformed
like that:

pV.= {(ia—ia.—ia|) - (in—ih.—im)}/(SxCpl);

pVo= {(ia—ia—ia) +2x(io—iu—iw)} /(3% Ca);

4| Kiran Singh

(14)
pVx: {(ix—ixi—ixl) - (iy—iyi—iyl)}/(3Xsz);
pVy= {(ix—tu—in) +2x(iy—bs—ix)} /(3% Car);

Vx +Vy+Vz == 0,
and, ia:(iac+iai+ial) : ib=(ibc+ibi+ibl) '
ic - (icc -+ ici -+ icl)

ix = (ixc+ ixi -+ ixl)

iy:(iyc+iyi+iyl) . iZ:(iZC+iZi+iZ|) .
’ ’

Where iy, ip, Ig are 3@ load currents through set I
and iy, iy, i, are 3@ load currents through set II. Whereas,
ia ip, ic are 3@ line currents through set I and i, iy, i, are
3® line currents through set II. Cp; and Cy, are no load
per phase excitation capacitances which are connected in
parallel across both 3® sets I and II. Similarly, ia, i, ic,
ixc, Iyc and i, are capacitor currents through set | and set
Il. Remaining symbols denote their earlier meanings
from [*°1,

Design of V and F controller-SP-SEIG using Sim-
ulink Model

The Simulink model of SP-SEIG along with its V
and F controllers is constructed using Simulink Matlab
software according to logics of given Figure 1 to Figure
4.

4. Results

The performance results from Simulink model are
illustrated in Figure 5, when SP-SEIG is feeding sudden
symmetrical resistive loads at t=1 sec. Transients re-
sponse of 3@ line voltages (Va, Vi, V¢ / Vi, Vy, V,), 30
line currents (ia, iy, ic / iy, iy, i), 3® load currents (i, ipi,
e / i, iy, i21), 3® CC-VSI currents (iai, i, ici / ixi, byi, i),
Magnitudes of terminal voltage along with A.C. refer-
ence voltage (Vu /Vyp, Vi), Magnitude of DC bus volt-
age along with D.C. reference voltage (Vg1 Va2, Var)
and generator rotor shaft speed (N,) are in similar pattern
along both 3® sets. Similar response of both sets under
symmetrical resistive loads are not shown, only one
phase of single set response is display out in Figure 5.
When generator is sudden loaded with a symmetrical
resistive loads across both sets at 1 sec, power transfor-
mation is started from both controller units towards con-
nected resistive loads across both sets. Result of this,
controller current decreases and load current increases.
As generator speed (Nr) is also remain constant having
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minute fluctuations with applied load, it gives indication
of a constant V and F during whole operation of machine
in simulation. In this way, controller acts like voltage and
frequency regulator and also sometimes can be used as
load stabilizer.

First of all, iy, ip, ic and iy, iy, i, through both sets are
calculated from d-and g-axis currents of machine*®.
From calculated per phase line currents, 3® line voltages
V., Vi, Ve and V,, V,, V, are also calculated from Equa-
tion (14).

Then, proportional and integral gain constant i.e.
Gpactr Giacts Gpaczy Giac2s Gpacts Giders Gpacas Gidez OF both
similar controllers across set | and Il, were set on with its
tuned values during analysis.

Final tuned values are chosen like that given below:

AC voltage Pl gain: Gpac1 / Gpacz = 325; Giaer /
Giacz = 40;

DC voltage PI gain: Gpyer / Gpacz = 0.01; Giger /
Gigez = 0.001;

After tuning of both V and F controllers, simulation
of whole constructed Simulink model of SP-SEIG along
with each 3@ set controller is performed using Matlab
platform with total simulation period of 2 Sec.

Finally, simulated (or analytical) values of generator
performance variables with time are illustrated in Figure
5.

Appropriate values of different pa-
rameters

Controller Parameters.

DC bus voltages of CC-VSI inverters The DC bus
voltages ‘Vy; and Vg’ are instantaneous values and
can be defined as:

Vd1:Vd2= EX(ZXVratedj;
V3 mi

Where, V44 = rated AC line voltage (415).
m; = modulation index = 1;
Then, Vg = Vg = 677.69 volt, but after
safety consideration Vy; = V4, = 750 volt;

DC bus capacitors of CC-VSI inverters The choice
of DC bus capacitances ‘Cd1 and Cg,” depend upon the
values of voltage drops in DC bus voltages ‘Vd1 and Vg,’
during application and removal of loads across both 3®
winding sets.

By energy conservation principle as explained
in[11]
in
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1 > 2 .
5% Cx (Vi =V ia} = 3% Ve x lues x TC;

1 2 *2 -
5*Cux (V=V} = 3% Vi x lues < T¢;

So, the calculated values of Cy; and Cgy,

are about 120uF.
Where, V4 = rated AC line voltage (415 volts),  liaeq
=rated AC line current (2.9 amps) and Tc = assume con-

servation time (848 ps) and Vau = Vec percentage
drop in DC bus voltages Vy; and Vg, (e.g. 1 % drop
in 750 volt) = about 742 volt;

Chopper dump resistances (Rq; and Ry,) The values
of DC dump resistances depend upon rated power ‘Pyaeq’
of SP-SEIG and DC bus voltages ‘Vy and Vg’ of
CC-Vsl.

So, Ra= Vd12/P et

R..= dez/P ed?

The calculated values of dump resistances ‘Rgy; and
Rg¢2’ in similar controllers across both sets are 511 Q.
Where, P aeq = 1100 Watt.

A.C. filter resistance (Ry) and inductance (L) The
output A.C. filters of CC-VSI inverters are comprised of
R and L. The detail selection on filter choke resistance
and inductance are mentioned int*?. The selected values
of Rfand L¢are 1.45 Q and 2.2 mH.

In-phase reference source currents (i'rd) The mag-
nitude of in-phase reference source current “i’rd” is con-
stant and equal to rated value of active power component
of machine current:

B 2 (Puea ). . 2 (Pue ).
Irar = \/;X[mj, laz = Ex(mj,
So, for rated power (P g =1100 Watt), the in-phase
reference similar  controllers
across both sets are i g1 = i"1gp =2.16 A.
SEIG and Load Parameters. For simulation purpose,
a 1.1-kW squirrel cage induction machine, whose data
are taken from!™, are used in whole analysis of comput-
er-based simulation of V and F controller-SP-SEIG.
The balanced per phase equal static resistive loads are
considered for the validity of analytical approach during
simulation work.

source currents in

6. Discussion

Besides the outstanding and beneficial features of
SEIG, however, it also has two prominent and handicap
milestone. First is need of reactive power during short

circuits and second is poor voltage regulation during
Volume 7 Issue 1| 2018 | 5



isolated mode /capacitor excitation of 1Gs. On faults,
IG’s dynamic behaviour deserves special attention. Due
to abrupt reduction in torque during short circuits, 1G’s
speed may accelerate to higher extent which leads to
terminal voltage collapses due to increase in reactive
power of 1Gs. Simplified and economical volt and hertz
controller keeps the value of terminal voltage and gener-
ated frequency remains constant (so that machine output
power is also almost uniform). It avoids variations in
delivered machine output power by keeping constant
terminal voltage and system frequency in adjustable
speed application of induction generators like pumps &
fans, heat pumps & air conditioner, machine tools & ro-
botics, wind generation system etc. Both balanced and
/or unbalanced per phase equal and /or unequal static and
dynamic loads can be considered in future during per-
formance study of V and F controller-SP-SEIG.
7. Conclusion

The aim of this research article is to present a short
description on modelling, controller design and simula-
tion work by using Matlab-Simulink software program

for a V and F controller-SP-SEIG at sudden resistive load.

In any isolated induction generator, voltage and fre-
quency (V and F) regulation at varying speed and load is
necessary to maintain the output power remains constant.
The behaviour of V and F controller seems mark able in
its operation during variations in loads. The DC chopper
keeps generated power remains constant in controller
circuits of SP-SEIG. So, V and F controller of SP-SEIG
generates constant voltage and frequency by keeping
generator output power, as it is, during operation of ma-
chine system. Similarly, one can also say, V and F con-
troller unit of SP-SEIG can behave like multi-purpose
controller i.e. as voltage regulator, frequency regulator
and also as a consumer power regulator /load stabilizer
as per prediction from depicted transient behaviour of
resistively loaded V and F controller-SP-SEIG unit.
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