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PWM-VSI Inverter-Assisted Stand-Alone Dual Stator
Winding Induction Generator

Olorunfemi Ojg Senior Member, IEEEgBnd Innocent Ewean DavidsoMlember, IEEE

Abstract—This paper presents a novel usage of a dual stator effectively regulated [4], [5]. Unfortunately, many of these
winding three-phase induction machine as a stand-alone gener- remedial schemes inject harmonics into the load current and
ator with both controlled output load voltage magnitude and fre- voltage waveforms.

quency. This generator, with both three-phase power and control . .
windings housed in the stator structure, has the load connected To effectively regulate both the voltage magnitude and load

to the power winding and a three-phase pulsewidth modulation frequency while minimizing/eliminating converter-induced har-
(PWM) voltage-source inverter sourcing the control winding. The monics in the load with a possibility of increasing the output
input to the PWM inverter is either a battery source or a charged power and optimizing system efficiency, dual stator winding in-
dc capacitor. The operational characteristics of these generator duction generator schemes with a converter connected to the

schemes with either of the two inverter sources are investigated and trol windi h in Fig. 1 d.Si th
shown to have desirable performance. How the load voltage mag- control winding, shown in 9. 1, are proposed. since the power

nitude depends on the various control and design parameters such and control windings are not physically connected but electro-
as rotor speed, compensating capacitance, and load impedance isnagnetically linked, the influence of the inverter-induced har-
determined using a detailed mathematical model of the system.  monics on the load waveforms is minimal.

Index Terms—Battery, dual stator winding induction generator, The operation and feasibility of the proposed schemes
load voltage control, voltage-source inverter. are explored in this paper. Mathematical models, useful for
steady-state calculations and computer simulations for the
two schemes, are presented and employed to investigate the
influence of design and control parameters on the generator

SELF-EXCITED three-phase induction generator is pr@¢haracteristics. Calculation and computer simulation results
vided with reactive power by a three-phase capacitor bavknfirm the usefulness of the models. The balance of the
connected across the stator terminals to ensure stable opergtigper is devoted to the feedback control of the two proposed
and maintain output voltage when the rotor is supplied bysthemes—especially Fig. 1(b), which is generally unstable
mechanical power source. Self-excitation and, hence, the lagden operated in open-loop mode.
voltage is maintained when the slip is negative. An application The paper is organized as follows. Section Il gives a detailed
limitation of the capacitively compensated three-phase indugescription of the two generator schemes; the system models are
tion generator is the drastic change of the voltage regulation wigbt forth in Section Ill. System studies, including steady-state
load and rotor speed variations. Furthermore, when the actied dynamic performance of the battery-inverter and dc charged
power demand of the load is higher than the input rotor mechagapacitor-inverter schemes, are presented in Section IV and Sec-
ical power, the load voltage collapses. These performance cgbn V, respectively. Conclusions are drawn in Section VI.
straints of capacitively compensated induction generators limit
their widespread application, especially in situations where reg- Il. PROPOSEDGENERATOR SYSTEMS
ulated Ioa_d voltage and frequency are requwed_. . The dual stator winding synchronous machine was intro-

Remedial measures such as the use of static reactive POWEL 4 at the bedinni fthi . .

ginning of this century as a means of increasing

generators and other power-electronics-based switching deviges -
that present variable compensating capacitance or reacglhe power capability of large synchronous generators. In the

. INTRODUCTION

recent past, it was used as a source of both regulated dc and
power to the load for voltage support have been proposeaC past, 9

[1]-[3]. Connecting a dc—ac inverter in series or parallel with- output voltages. [6}-{8]. Dual stator winding reluctance

. X . : mfachines have also been investigated for both drive and
the load provides variable reactive power, in the process O .
autonomous generator operations [9], [14]. The angular speed

which both the load voltage magnitude and frequency ¥ the generated voltage is equal to the electrical rotor angular
speed in the dual stator winding synchronous generator. In

Paper IPCSD 00-037, presented at the 1999 Industry Applications Socighs dual stator winding reluctance generator, the sum of the
Annual Meeting, Phoenix, AZ, October 3—7, and approved for publication in | | ical f . fth in th
the IEEE TRANSACTIONS ONINDUSTRY APPLICATIONSby the Electric Machines angular electrical frequencies of the currents in the two stator
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Fig. 1. Schematic diagram of the dual stator winding induction generator with dc—ac inverter. (a) With a battery source. (b) With a charged dc capacito

freedom given by the uncoupled relationship between the rofeequency, even when the rotor slip is positive for a relatively
speed and frequency of generated voltage, it has not been fglhort period. While the machine motors, the battery provides
explored until now. the needed real power through the inverter to the load.

Two types of dual stator winding induction machines with The scheme in Fig. 1(b) has a charged dc capacitor connected
standard squirrel-cage rotor structure have been proposedtdithe inverter input. If the load is light, the dc capacitor may
the first design, there are two identical three-phase windinggercharge and the system becomes unstable. If the load is
(control and power winding sets) which are wound for thkeavy, the capacitor discharges, and the load voltage collapses.
same number of poles. However, these two windings afe ensure stable operation, a discharge resistor is connected
electrically displaced from each other [8]. In the most recenthcross the charged capacitor through a transistor or MOSFET
proposed design, the control and power windings are woundder PWM duty ratio control. The duty ratio control, which
for different pole numbers with no displacement between tlseeks to regulate the capacitor voltage, presents a variable
power and control windings using the regular squirrel-cagesistance (which dissipates the excess real power) to the
rotor structure—ideally decoupling the torque production afharged capacitor. The inverter PWM modulation index mag-
the two windings when individually excited [10]. Of coursenitude control regulates the load voltage. A feedback control
there are the doubly fed induction machines with specialfcheme(to be discussed) is required to operate the system
designed rotor cage structures [18], [19]. The generator schestably. Since there is no source of active power on the inverter
presented in this paper is based on the dual stator windisige, if the rotor slip is positive, the load voltage decays and
induction machine with displaced power and control windinghay ultimately collapse.
sets. The power and control windings have the same number
of poles. In Fig. 1(a), a three-phase pulsewidth modulation . SYSTEM MODEL
(PWM) dc—ac inverter under sine-triangle control and fed with a ] o .
battery source is connected to the control windings. The dc—ac! "€ ¢—¢ equations of the dual stator winding induction ma-
PWM inverter, augmenting the compensating three-pha@%’”e in the synchrqnous reference frgme are set forth in [8]
delta-connected capacito€s, provides reactive power to the@nd [1_1]. Expres_sed in the complex variable form, the electrical
generator system, fixes the load frequency, and influences gf#4ations are given as
magnitude of the load voltage by regulating the modulation
index magnitude. Indeed, the frequency of the reference signal Vaap =Tptgap + PAqap — JWeAqap 1)
of the PWM becomes the frequency of the generated load Vyds =Tsiqds + PAgds — JWe Agds )
voltage. The battery source acts as a real power buffer. When
the real power provided by the rotor shaft exceeds the load real
power demand and system losses, the excess power is stoiad o
in the battery through the bidirectional inverter. If, on the other
hand, the real power demand of the load and losses exceeds
the input real power from the shaft, the balance is supplied by
the battery. Another advantage of this scheme is the possibility Agds = Listqds + Lpstqdp + Limigar
of maintaining a load voltage magnitude with the desired load Agdr = Lyigar + L (igap + %qas)-

‘/qdr = Triqdr + p)‘qdr - j(we - wr))\qdr (3)

)‘qdp = Lpiqdp + Lpsiqu + Lrniqdr
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machine. o \)(J \)(/
. . .54 bl

21

VAP
IR0

-0.3

0.9
/
L1
/
[
\

Jun 11 12:49:20 1993

-5
2

+ 55

The ¢—d complex voltage inputs to the power and contratig. 3. Load voltagé}') and current 4) waveforms of the battery—inverter
windings arequp andqusj respectively;\qdp and)\qu are the gene_ratorsystem. Load impedareé0 2, modulation index magnitude 0.6
g—d flux linkages of the power and control windings, respedime in seconds.
tively, while g, is the rotorg—d flux linkage. The power and o _ _ _
control g—d stator currents aré,q, andl,q4,. respectively; and The modulation index magnitude of the inverteri§ ,. The
the rotor current is represented By;,.. The derivatived/dt is  dc capacitor voltage for the battery—inverter system is given by
donated by, andw. andw,. are the angular electrical frequency
of the load voltage and rotor speed, respectively. Fig. 2 gives the CypVg=—(1, — I). (12)
equivalent circuit of the dual stator winding induction generator
in the synchronous reference frame, showing the machine @y the dc charged capacitor—inverter system, the dc capacitor
rameters and state variables. voltage is expressed as

From Fig. 1, thej—d equations of the load and compensating
capacitorC, are

M.V,
Capv = - (Y21 + 1) (13

Vadp = (Ro — jweLo)iqdo + Lotqdo 4)
ququp = _(iqdo + iqdp) +jwququp~ (5) where . . . .
M, switching function of transistdrf?;
R. value of the discharge resistance;
The load resistance and inductance&reandL,, respectively. I,  battery current flowing into the dc capacitor.
The equations relating the input dc voltage and the output phagee full battery model used for computer simulations is set forth
voltages of the dc—ac converter (the input phase voltages to th§12].
control winding) are
IV. BATTERY—INVERTER SYSTEM

Va The generator scheme with the battery—inverter connected

Vs = —(25, — Sy — S. 6 o )

3 ( ’ ) ©) to the control windings has the added advantage of being able

Vo = E(st — S, —8.) @ Fo regg!ate both the load vqltage and frequen.cy' whep Fhe slip
3 is positive and/or when the input shaft power is insufficient to

Ve = E(%‘c — Su — S). @) meet_ system loss and I_oad acti_ve power demand. Under these
3 conditions, real power is supplied to the load by the battery.

Alternatively, when the shaft power exceeds the load demand
The switching functions of deviceS;, 53, andSs areS,, S,, and the system losses, the extra power is fed to charge the
andS., respectivelyf,., I, 1., are the corresponding controlbattery. Hence, under light load condition, the inverter charges
winding phase currents. The input current flowing into the irthe battery and discharges it when the load demand is high or
verter is expressed as there is a decrease in the rotor speed. Fig. 3 shows simulated
load voltage—load current waveforms of the system feeding an
impedance load. It is evident that inverter-induced harmonics
injected in the load waveforms are minimal.

Under steady-state condition, the state derivatives of the
Equations (6)—(9) transformed into the complex-plane syfyStem equations (1)—(12) are identically equal to zero. From
chronous reference frame become [13] _the _resultt)ing steady-state equations, the generator voltage gain

is given by

Id = IasSa + IbsSb + IcsSc- (9)

Id IRG al (qus*iqu) (10) G _ ‘/qdp . A Zers + Zrannr

Vqus = qus‘/(b (11) V;]ds ZA

(14)
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Fig. 5. Block diagram of peak load voltage detector.
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Fig. 4. Variation of the voltage gain magnitude. (a) With changing s)ipid = \\M :
C, (y50uF), constantimpedanee 100 €. (b) With changing slipg), constant Tia 18 e o z.0 2.2 2.4
load impedance, constaft,, and changing load power factd?ff. (b)
where Fig. 6. Dynamics due to load impedance change from 500 £@.3®eference
peak voltage= 120 V, time in seconds. (a) battery currgnt). (b) Peak phase
A= Z, voltage(1').
ZSZ’I’J’_Z’HLZ’I’R’I’ . . . . .
Z Loy + Zy-Zyps for a constant load impedance in Fig. 4(a). Higher voltage gain
T 270+ ZoZon requires higher rotor speed with the valuegfselected within

Zn =Zy — Zo(ZpZo+ Zw Zomi+ BZmir Zos + B Zoy) 2 TANGE. LOW slip magnitudes generally result in lower voltage
1 gains for most values of’;. Since higher rotor slip results in
Ze = 7 JweCy higher losses, the generator is less efficient, especially when a
¢ higher than unity voltage gain is desired. For a constant load
impedance and constadi,, the voltage seems to decrease
with increasing load power factor and decreasing rotor slip
Zim = jweLlm magnitude [Fig. 4(b)]. It is concluded from these plots that,
Zp =rp — j(we —wp) Ly to meet required load voltage,,, rotor slip, and inverter
modulation index magnitude (or battery voltage) are design
and control variables that must be appropriately selected. With
these many control and design variables, it is feasible to achieve
Zo =Ry — jweLo. regulated load voltage and frequency while optimizing overall
system efficiency.

Fig. 4 gives the plots showing the dependence of the voltageThe battery—inverter dual stator winding generator is always
gain magnitude on the value 6f,, rotor slip, and load power stable as long as the battery can meet the active load power de-
factor for a laboratory dual stator winding generator witimand while augmenting the mechanical shaft input. However,
parameters given in the Appendix. The voltage gain magnitutteregulate the load voltage, a simple dynamic controller such
increases with increasing slip and reducing capacitance vaagethe proportional-integral (PI) or integral—proportional (IP)
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Fig. 8. \Variation of the transistor duty ratio and modulation magnitude load
power factor pf) and slip €). Load impedance= 100 2. (a) Duty ratio. (b)

Fig.7. Variation of the transistor duty ratio and modulation magnitude@jth Modulation index magnitude.

(y504F) and slip ). Load impedance- 100 €2. (a) Duty ratio. (b) Modulation
index magnitude.

a low value, less real power manifested in battery current is fed
can be implemented. The selection of controller gains that draick through the bidirectional inverter into the battery, shown in
sure good regulation and robustness to changing load and rdttg- 6(a). Similar good responses are obtained with other pertur-
speed is based on the loop-shaping technique set forth in [17tions in rotor speed.

The peak value of the load phase voltage is compared with the
desired peak load voltage; the error is fed to a dynamic Pl con-
troller, the output of which becomes the value of modulation
index magnitude which is also the peak of the three-phase si-The dc-inverter system of the generator schematically shown
nusoidal reference signal for the PWM inverter. Comparison Fig. 1(b) provides reactive power to the load and, in the
of these three reference signals with a triangle waveform prorocess, supports the load voltage. This system is always
duces the switching pulses to the inverter switching devicaastable under open-loop operation. With no storage facility,
(MOSFETS) [15]. Fig. 1(a) also shows the sketch of the comthen the load demand and losses are lower than the input shaft
troller structure. The peak load voltage is obtained using a fagiwer, the dc capacitor voltage continues to increase; however;
peak detector in which the sensed phase voltage is phase shifittte load demand and losses exceed the input shaft power, the
and processed. If the phase voltage is a cosinusoidal signal,doecapacitor steadily decays. Two control loops are required to
phase shifted signal is sinusoidal. The sum of squares of thaintain the dc capacitor voltage at a set value and to regulate
phase voltage and the shifted signal provides the square of the load voltage, as shown in Fig. 1(b). The control scheme
peak voltage using multipliers and an adder, as illustrated for the load voltage is the same as that of the battery—inverter
Fig. 5 [16]. Fig. 6 gives the response of the regulated genesssstem described above. For the regulation of the dc capacitor
ator system to a change of load impedance. It is observed thaltage, the reference capacitor value is compared with the
a simple PI controller quickly restores the load voltage to thmeasured value; the error voltage passed through a PI con-
reference value. With a change of load resistance from a highttoller becomes the modulating signal of the PWM control.

V. DC CAPACITOR—INVERTER SYSTEM
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Fig. 10. Dynamics of generator to change in load impedance from 20 to 200
Q. \Volt fi 120 V. Ref d k load voltageé). (b
Fig. 9. Generator waveforms. (a) Load voltadgé) and current 4). Time lnver(ieﬁlgnep[Jet S{J?Pecne(:—l) Time(éiir)1 S:Cg:%r;ce and peak load voltage). (b)
in seconds requiring the decrease of the duty ratio (increasing the effectiv ’
discharge resistance value) so as to maintain the reference capacitor voltage.

Fig. 9 gives generator waveforms during steady-state oper-
This signal, when compared with the sawtooth waveformating condition. The waveforms are relatively clean when the

changes the duty ratio of transistr which effectively makes dc capacitor voltage is kept constant at reference value by the

the discharge resistance variable. changing duty ratio of transist@r. During dynamic change of
Under steady-state controlled situation, the dynamic modehd impedance plotted in Fig. 10, the controllers regulate the
equations (1)—(11) and (14) reduce to capacitor dc voltage and load voltage magnitude to set values

and ensure system stability. The current flowing into the capac-
» itor from the inverter increases, requiring the decrease of the

Myis = =——— (15) o . ; . :
VG duty ratio (increasing the effective discharge resistance value)

M so as to maintain the reference capacitor voltage.
(C)y=0 (16)

VI. CONCLUSIONS

where
The feasibility of the dual stator winding induction gener-

ator producing regulated load voltage and frequency using ei-
ther a battery—inverter or a dc charged capacitor—inverter con-
nected to the three-phase control windings has been demon-
The reference dc capacitor voltagéjs and the reference phasestrated. The battery—inverter system has the capability to operate
voltage isV;". effectively, even when, for a short while, the rotor slip becomes
Fig. 7 consists of plots showing the duty ratio of transistgositive because of the battery power that can be fed to the load.
T, (M,) and modulation index magnitudé/,.,) of the PWM In the charged dc capacitor-inverter system, two closed-loop
inverter for a given reference capacitor and load voltages, camontrollers are required to ensure system stability and regulate
stant impedance load and power factor, but changipgand the load. It is open-loop unstable. For the two schemes, the
slip. In Fig. 8, the load power factor and slip are varied with theotor speed, compensating capacitance value, and the inverter
load impedance, reference capacitor and load voltages beingdhd/or discharge resistor controls can be manipulated to meet
same as in Fig. 7. It is evident from these graphs that the mésd requirement while ensuring optimum efficiency operation.
efficient operating conditions occur at high valuesidf and Steady-state curves showing how the voltage gain magnitude

M,4s, corresponding to lower magnitude of rotor slip. depends on the various design and control parameters are also

C = Za~+BZ.(ZpZps + ZnZomr)] -

ZA[
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presented as steady-state and dynamic waveforms that demmmi-representative of actual dual stator winding induction ma-
strate the quality of the load voltage and current waveforms. Thkines [4], [8], [11], [20]):

effectiveness of simple control loops regulating the load voltage  hower winding stator per-phase resistange= 1.55 Q;
and dc capacitor voltage are shown for various dynamic opera- power winding per-phase leakage inductargg,= 0.008
tional changes. H:

The delta-connected capacitor bank at the terminals of the control winding stator per-phase resistance= 1.55 €2;
load reduces the reactive requirement and, hence, the kVA of control winding per-phase leakage inductance,
the inverter. Itis not required to eliminate inverter-induced har- 7, — 0.008 H;

monics in the load since they are effectively taken care of by the  mutual leakage inductance between power and control
secondary windings of the generator. The sizing of the inverter winding, L. = 0.0001 H;

and the design of the secondary winding must take into consid- magnetizing inductance,,,, = 0.10 H;

eration the generator operating speed range, the corresponding rotor per-phase resistance, = 0.58 €2;

reactive power to be supplied by inverter to ensure voltage reg- rotor per-phase leakage inductantg, = 0.0085 H.
ulation, and the active power to be passed through the wind-

ings to or from the inverter. Since the motoring mode of op-
eration should necessarily be a short-time phenomena, appro-
priate sizing of the buffer battery will suffice for the anticipated
ride-through operation. Itis not efficient to operate the generator
when the speed falls below the synchronous speed for a Signiﬁtl] J. M. Elders, J. T. Boys, and J. L. Woodward, “Self excited induction
cantlength of time—since the load power must be supplied from  machine as a small low-cost generatd?joc. Inst. Elect. Eng.pt. C,

. . _vol. 131, no. 2, pp. 33-41, Mar. 1984.
the battery’ processed by the inverter, EIECtromagnetlca”y Con[2] B. Brennen and A. Abbondanti, “Static exciters for induction genera-

verted with the generator losses supplied by the battery. tors,” IEEE Trans. Ind. Applicat.vol. IA-13, pp. 422-428, Sept./Oct.
Instead, the battery—inverter through a changeover switch__ 1977

hani isolat th t d ts the i téS] R. Bonertand S. Rajakaruna, “Self-excited induction generator with ex-
mechanism isolates the generator and connects the inverter cellent voltage and frequency contrdPfoc. Inst. Elect. Engpt. C, vol.

directly to the load. The design of the generator scheme and 145, no. 1, pp. 33-39, Jan. 1998.

selection of the inverter which is outside the scope of this[4] E. Muliadi and T. A. Lipo, "Series compensated PWM inverter with
battery supply applied to an isolated induction generat&fE Trans.

paper is hig_hly application dependent. The influence of the Ind. Applicat, vol. 30, pp. 1073-1082, July/Aug. 1994.
winding design on the parameters of the generator and mosfs] C. Jacobina, E. Silva, A. Lima, and R. Ribeiro, “Induction generator

especially how the pitching of the stator windings affects the gtlf"st'ﬁééfztfizg X;tsua&i‘i‘:;%jc?“gggf S; c‘?g;riciggntsﬁdnf. Rec.
mutual leakage inductance between them are derived using thg; p | aiger, £. H. Freiburghouse. and D. D. Chase, “Double windings

winding function methodology in [8]. for turbine alternators,AIEE Trans, vol. 49, pp. 226—244, Jan. 1930.

; ; ; ; [7] E. F. Fuchs and L. T. Rosenberg, “Analysis of an alternator with two
The relative cost of this generation scheme will also depend displaced stator windings|EEE Trans, Power App. Systol. PAS-93,

on applications. It is safe to conclude that the topologies herein 5 17761786, Nov./Dec. 1974.
suggested must be considered as technologically viable induct8] R. Schiferl, “Detailed analysis of a six-phase synchronous machine

tion generation option which may be studied under prevailing ‘Iivggfei:”l?\f)gggawr connections,” M.S. thesis, Purdue Univ., West

application requirements and constraints. [9] Z. Wu, “Modeling, simulation and application of a doubly-fed reluc-
The proposed generator schemes should find utility in stand-  tance electrical machine,” Ph.D. dissertation, Tennessee Technol. Univ.,
alone and grid-connected power systems. With the known a(iio Cookeville, Dec. 1998,

. . . . L. A. Munoz-Garcia and T. A. Lipo, “Stator winding induction machine
vantages of induction machines, ease of control, simplicity o drive,” in Conf. Rec. IEEE-IAS Annu. Meetir@ct. 1998, pp. 601-608.

the converter topology, and feasibility of optimum efficiency [11] T. A. Lipo, “A ¢— model for six phase induction machines,”Rnoc.

. . . Int. Conf. Electric MachinesAthens, Greece, 1980, pp. 860-867.
operation while regulating both load voltage and frequency, th 2] 0. Ojo, O. Obasohan, and A. Jimoh, “Expanding the operating range of

two proposed topologies should find wide acceptability. High- a single-phase induction generator with a PWM inverterCanf. Rec.
or low-load phase voltage (equivalently, the voltage gain) is  |EEE-IAS Annu. Meetingct. 1998, pp. 205-212.

: : : : ] P. Vas,Electrical Machines and Drives, A Space—\Vector Theory Ap-
achievable by appropriate selection of the design and contr proach  Oxford, U K.: Oxford Univ. Press, 1992,

parameters. [14] L. Xu and Y. Tang, “A novel wind-power generating system using field
Finally, analysis technique for the simulation and steady-state  orientation controlled doubly-excited brushless reluctance machine,” in

: _ R Conf. Rec. IEEE-IAS Annu. MeetintP92, pp. 408-413.
calculation for controlled converter-based dual stator windin 15] N.Mohan. T. M. Undeland, and W, P. RobbiRswer Electronics, Con-

generator have been presented and should find utility in the anal- * verters, Applications and Design New York: Wiley, 1995.
ysis of other converter-controlled generator systems. [16] B. Kwon, J. Youm, and J. Choi, “Automatic voltage regulator with fast
dynamic speed,Proc. IEE—Elect. Power Applicatvol. 146, no. 2, pp.
201-207, Mar. 1999.
[17] S. Skogestad and |. Postlethwaitdultivariable Feedback Control,
Analysis and Design New York: Wiley, 1997.
APPENDIX [18] Iié‘(]ﬁHunt, “A new type of induction motor,J. IEE, vol. 38, pp. 648-677,
[19] S.Williamson, A. C. Ferreira, and A. K. Wallace, “Generalized theory of
The parameters of the 2-hp four-pole three-phase induction  the brushless doubly-fed machine—Part 1: Analyssgc. IEE—Elect.
machine (parallel-connected stator winding split into two as__ Power Applicat, vol. 144, no. 2, pp. 111-121, Mar. 1997.
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