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Abstract— A flywheel energy storage system based on a
doubly-fed induction generator-motor basically consists of a
wound-rotor induction machine and a cycloconverter or a
voltage-source PWM rectifier-inverter which is used as an
ac exciter. Adjusting the rotor speed makes the generator-
motor either release the kinetic energy to the power system
or absorb it from the utility grid. Thus, the generator-motor
has the capability of achieving not only reactive power con-
trol, but also active power control based on the flywheel ef-
fect of the rotating parts. This paper proposes a new control
strategy for a doubly-fed induction generator-motor, which
is characterized by the combination of vector control and
decoupling control. The control strategy enables the induc-
tion generator-motor to perform active power control inde-
pendent of reactive power control even in transient states.
The validity of the theory developed in this paper, along
with the effectiveness and viability of the control strategy,
is confirmed by computer simulation. In addition, this pa-
per discusses a transient behavior of a magnetizing current
in the induction machine.

I. INTRODUCTION
A. Background

The next generation of proton synchrotrons, which is
being designed by the High-Energy Accelerator Research
Organization in Japan, requires a high-accuracy large-
capacity magnet power supply rated at 50-70 MW. Fig. 1
shows an operating pattern of the magnet power supply,
which has a repetitive period as short as 4 sec. The pat-
tern is divided by the following four periods: a flat base
period for beam injection, a current-increasing period for
beam acceleration, a flat top period for accelerated beam
extraction, and a current-decreasing period for releasing
electromagnetic energy from the ring magnet [1]. The ac-
tive power drawn from the utility grid drastically changes
in a range from +55 MW to —55 MW within 4 sec. This
fluctuation in active power may produce serious effects on
power systems which are upstream and downstream of the
installation site of the magnet power supply. Hence, in-
stallation of a large-capacity energy storage system to the
magnet power supply is now under consideration, aiming
at load-leveling over a repetitive period as short as 4 sec.

Attention has been paid to a flywheel energy storage sys-
tem based on a doubly-fed induction generator-motor for
the purpose of power conditioning. It is also referred to
as an “adjustable-speed rotary condenser” capable of both
active power control and reactive power control, in con-
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Fig. 1. Operating pattern of a magnetic power supply for a proton
synchrotron. (a) Magnet current. (b) Magnet voltage. (c) Active
power.

trast with a conventional “synchronous-speed rotary con-
denser” capable of only reactive power control. The sec-
ondary (rotor) windings of the doubly-fed induction ma-
chine are excited by three-phase low-frequency ac currents,
which are supplied via slip rings by either a cycloconverter
or a voltage-fed PWM rectifier-inverter. The ac excita-
tion on the basis of a rotor-position feedback loop makes
it possible to achieve stable variable-speed operation. Ad-
Jjusting the rotor speed makes the generator-motor either
release the electric power to the utility grid or absorb it
from the utility grid. Therefore, the flywheel energy stor-

. age system is more suitable for repetitively absorbing and

releasing electric energy for a short period of time than

- a battery energy storage system [2]. The required capac-

ity of power electronic equipment for ac excitation is in

‘a range from one-fifth to one-seventh as small as the ca-

pacity of the wound-rotor induction machine. Thus the
flywheel energy storage system is superior in practicability
and viability to a superconductive magnetic energy storage
(SMES) system. Although a feasible study of an extremely
large-capacity SMES rated at 400-MW and 20-MWh was



performed [3][4], it would take a long period of time to put
large-capacity SMES systems into practical use.

B. The 200-MJ Flywheel Energy Storage System

The 200-MJ flywheel energy storage system based on
a doubly-fed induction machine for line-frequency regula-

tion on a 132-kV bus has been installed and was commis-

sioned in August of 1996 at the Chujowan substation of
the Okinawa Electric Power Company in Japan [5]. It con-
sists of a 26.5-MVA wound-rotor induction machine cou-
pled with a flywheel of 74,000 kg with a 4-m diameter,
a 6.55-MVA three-phase twelve-pulse line-commutated cy-
cloconverter, an excitation transformer and a controller.
This flywheel energy storage system could be referred to
as ROTES (ROTary Energy Storage)[5]. The rotor wind-
ings of the 12-pole induction machine are excited by three-
phase low-frequency ac currents which are supplied via slip
rings by the cycloconverter. The stator terminals rated
at 6.6 kV are connected to the 66-kV, 60-Hz utility grid
through a step-up transformer. The output frequency of
the cycloconverter is controlled within 0.25-9.0 Hz, and
the line frequency is 60 Hz. This enables the cyclocon-
verter to operate in a circulating current-free mode. The
generator-motor with a synchronous speed of 600 rpm is
adjusted in a speed range from —15% (510 rpm) to +15%
(690 rpm). The electric energy is stored as the rotating
kinetic energy with a flywheel effect of GD? = 710 t-m?.
The ROTES has been operating properly for more than
one year, showing great promise as a FACTS device which
has the capability of releasing or absorbing electric energy
with a response time as fast as 100 ms. However, reference
[6] makes no detailed description of the control strategy for
the ROTES.

C. Control Strategy

A 40-MJ flywheel energy storage system based on a 70-
MVA doubly-fed induction machine should be installed on
the ac side of the magnet power supply shown in Fig. 1,
in order to achieve perfect load-leveling. Comparison with
the 200-MJ system installed for line-frequency regulation
leads to the possibility that the 40-MJ system does not
need to couple any flywheel with the rotor, because the
induction machine rating required to the 40-MJ system is
2.6 times as large as that required to the 200-MJ system.
On the contrary, the 40-MJ system needs to achieve much
faster charge/discharge of active power than the 200-MJ
system. Little literature has been published on control
strategy and dynamic performance of doubly-fed wound-
rotor induction machines [6]-[9]. In his book {6], Leonhard
describes a control strategy for an adjustable-speed doubly-
fed induction machine, intended for independent control of
active power and reactive power. The control strategy pro-
vides two kinds of current controllers: inner feedback loops
of the secondary (rotor) currents on the d-¢ coordinates
and outer feedback loops of the primary (stator) currents
on the 4-6 coordinates. However, it is not clarified theo-
retically why the control strategy requires the two kinds of
current controllers.

Fig. 2. Stationary and rotating coordinates

This paper proposes a new control strategy for an
adjustable-speed doubly-fed induction machine acting as
a flywheel energy storage system. The control strategy is
characterized by constituting direct feedback control loops
of the primary (stator) currents on the y-6 coordinates,
but without inner feedback control loops of the secondary
(rotor) currents on the d-q coordinates, with the help of de-
coupling control based on feedforward compensation. The
validity of the theory developed in this paper, along with
the effectiveness and viability of the control strategy, is
confirmed by computer simulations using a general-purpose
software package referred to as EMTDC. In addition, this
paper discusses a transient behavior of a magnetizing cur-
rent in the doubly-fed induction machine.

II. SYSTEM CONFIGURATION

A fltywheel energy storage system based on a doubly-
fed induction machine will be installed in the vicinity of
a large-capacity load such as in Fig. 1, which is accompa-
nied by significant fluctuation of active power. The first
purpose of the energy storage system is to achieve load-
leveling over the repetitive period of time. The second
purpose is to perform reactive power compensation of the
load, rather than to improve voltage stability in power sys-
tems. In the following analysis and simulation, the power
system upstream of installation site of the energy storage
system is assumed to be an infinite bus with three-phase
balanced sinusoidal voltage. Moreover, the doubly-fed in-
duction generator-motor is assumed to be a two-phase two-
pole machine for the sake of simplicity

A. Stationary and Rotating Coordinates

Fig. 2 shows stationary and rotating coordinates applied
to the analysis in this paper. The a-8 coordinates are
stationary on the stator. The d-q coordinates are rotating
at an angular velocity of w = df,,/dt, synchronized with
the rotor speed, where 8,, is the rotor position. The -
6 coordinates are rotating at an angular velocity of w =
df/dt, where 6 means the line phase. Because the primary
voltage vector v is aligned with the < axis, as shown in
Fig. 2, the primary currents i, and is; correspond to the
instantaneous active and reactive currents i, and i,, that
iS, ’l:p = 1:71 and iq = 1,51[10]
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Fig. 3. System configuration of the doubly-fed flywheel generator-motor.

B. System Configuration

Fig. 3 depicts the system configuration of the flywheel
energy storage system based on the doubly-fed induction
machine, and Table 1 summarizes its machine constants.
The generator-motor itself has the same structure as a
wound-rotor induction machine equipped with slip rings.
The primary windings are connected to the utility grid,
while the secondary windings are connected to the ac ter-
minals of a voltage-fed PWM inverter operating as an ac
exciter.

The control circuit detects the primary currents i,; and
ig1 on the a3 coordinates and then transforms them into
the primary currents iy; and is1 on the -6 coordinates,
on the basis of the detected line phase §. Comparison
of 143 and 45 with their references i,;* and is5*, and
proportional-plus-integral (PI) control constitute two feed-
back loops. It is also easy to detect the primary voltages
and the secondary currents in the wound-rotor induction
machine. These detected voltages and currents are trans-
formed into those on the -6 coordinates with the help
of # and 6,,. Decoupling control discussed in the next
section makes it possible to achieve instantaneous active
power control independent of instantaneous reactive power
control even in transient states. The decoupling control
based on feedforward control is characterized by using the
detectable voltages, currents and rotor position in addi-
tion to the machine parameters. The following equation
transforms the secondary voltage references on the -8 co-
ordinates, vy and vsz into those on the d-q coordinates,

Vg2 and vgg,
vaz | _ cos(6 — 0,,) Un2
() Vs2

sin( — 6,,,)
Note that the PWM pattern of the voltage-fed inverter
is directly determined from w4y and vg2. Such a dc volt-
age source as shown in Fig. 3 will be implemented with a

—sin(6 — 6,,)

cos(6 — Oy ] -
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TABLE I
MACHINE CONSTANTS OF THE INDUCTION MACHINE.

line frequency 60 Hz
rated capacity 50 MVA
rated voltage 6.6 kV
rated current 4.6 kA
unit inertia constant 3.4 MWs/MVA
synchronous speed 360 rpm
pole number 20

primary resistance r 0.0013 pu

secondary resistance r2 0.0013 pu
primary inductance Ly 2.9 pu
secondary inductance Lg 2.9 pu
mutual inductance M 2.6 pu

voltage-fed PWM rectifier in a real system. When the ac
terminals of the PWM rectifier are connected to the pri-
mary terminals of the induction machine, a small amount
of power flow exists between the ac terminals and the pri-
mary terminals. For the sake of simplicity, the power flow
is neglected from the following analysis. In addition, the
PWM inverter in Fig. 3 is replaced by two sets of control-
lable ac-voltage sources.

C. Modeling for Simulation

The EMTDC supports only two machines models: a
salient-pole synchronous machine and a squirrel-cage in-
duction machine. Therefore, the authors have created a
wound-rotor induction machine model by making use of
the model-building function. The constructed induction
machine model on the d-q coordinates consists of a set of
voltage-current differential equations, the torque equation
and the mechanical dynamic equation. The standard mod-



els supported by the EMTDC are used to simulate six GTO
thyristors and diodes in the three-phase voltage-fed PWM
inverter.

IT11. CONTROL STRATEGY
A. Combination of Vector Control and Decoupling Control

In general, a set of voltage-current differential equations
of a two-pole wound-rotor induction machine on the -6
coordinates is given by

Uy i+ 51 —wly
st | _ wlq ™+ %Ll
U2 %M —(w —wym)M
V52 (W — wm)M M
M —de i1
Ve “n 2@
9 + ﬁLZ —(w~wm)L2 74.—72
(w— wm) Ly T + %Lz 162

Eliminating di,2/dt from the first and third rows, and
disz/dt from the second and fourth rows of (2) yields the
following equations:

d; L Loty .
l.g""rl _ YZ’U’YI M ty1 +T2ly2

‘ 1 .
l5is 2vs1 — “ftis1 + rais

Huwisy + Wi (Misy + Laisa) — vy2
—lwiny ~ Wiy (Mg + Laiyg) — vs2

] 3)
1= (LiLy — M*)/M. (4)

The state variables i,y and i5; can be considered as the
output variables of the system, while the input variables
Uy2 and vs are given by

Uy2 —

Vs2
+u)m(M’i51 + Lgioz) — K(i,yl* - i,.,l)
—wm(Mi71 + in,ﬂ) - K(isl* - ’im)

L L . . .
E}'U'yl - ;ﬁ*}‘iql + roigg + lwig
251 — T2t is1 + raise — lwiyg

|- ®

The first to fifth terms on the right side of (5) are the
so-called “cross-coupling” terms, which contribute to in-
terference between the y-axis and the é-axis. Fortunately,
the “cross-coupling” terms can be calculated from the pri-
mary voltages, the primary and secondary currents, and
the angular velocity of the rotor-all of which are easily
detectable-as well as the machine parameters. Hence, de-
coupling control based on feedforward control is applicable
to (5), intended for compensation of the interference. The
sixth terms on the - and 6-axes constitute the so-called
“feedback loops,” respectively. The terms make i,; and
151 follow their references on the - and é-axes, where K is
a proportional gain. Substitution of v, and vsy given by
(5) into (3) produces

[ ?;:?i_vl ] — 5_ [ (i'vl* _i'rl)

a1 l

(i1 — is1) ] ’ (©)
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Fig. 4. Feedback gain and time constant.

The Laplace transformation of (6) is represented as follows:

]z

The above equation implies that the control system is no
longer a complex high-order system, but a simple first-order
system exhibiting no cross-coupling between the - and §-
axes. As a result, the time constant of ¢,; and is5, T is
given by

L,
T3 )
Isi*(s)

[ L (s) )

Igl (S)

1+sT

T =1/K. (8)
The control strategy based on (5) is characterized by ex-
cluding any differential term.

B. Verification by Simulation

Computer simulation using the EMTDC was performed
to verify the validity of the theory developed in this section.
Here, the three-phase voltage-fed PWM inverter is assumed
to be two-phase ideal voltage sources. Fig. 4 shows the
time constant of i, with respect to a step change in i,*
under i,* = 0, as a function of K. The simulated results
agree well with the theoretical results, and T is in inverse-
proportion to K.

C. Effects of Disagreement between Machine Parameters
and Control Constants

Disagreement between machine parameters and control
constants results in unsatisfactory feedforward compensa-
tion, thus leading to imperfect decoupling control. For in-
stance, saturation and nonlinearity of iron core, as well as
temperature-dependence of resistors, may cause variations
of inductances and resistances in the induction machine.
Moreover, errors in measurement of the machine parame-
ters may induce disagreement. When a feedback loop with
only a proportional gain is integrated into the control sys-
tem, the disagreement produces steady-state errors in the
primary currents i, and i,. The effect of the disagreement
on the steady-state errors is shown by computer simulation
under the conditions that the mutual inductance M varies
while the leakage inductances of the primary and secondary



- 30

Eip [%]

-+ 20

T 10
Eum [%]

-30 -20 -10 10 20 30

1420

130

Fig. 5. Mutual inductance and steady-state errors.

windings do not. Fig. 5 shows relationships between errors
in M and steady-state errors in %,, with a proportional
gain of Kp = 1 [V/A]. Here, Ep [%] is the ratio of the
error to the nominal value, and E;; [%] is the ratio of the
steady-state error to the rated current. Fig. 5 suggests
that the disagreement of the mutual inductance is accom-
panied by non-negligible steady-state errors. However, a
disagreement of the secondary resistance by 20% induces
a steady-state error as small as about 1%, which is not so
serious as the disagreement of the mutual inductance.

D. Compensation for Steady-State Errors

A proportional-plus-integral controller (PI controller)
is introduced to compensate for the steady-state errors
caused by the disagreement pointed out in the above sub-
section. Fig. 6 shows simulated waveforms for a step change
in ¢,* under i,* = 0, when the mutual inductance in the
induction machine is decreased by 5% without any change
in the control constants. Here, the proportional gain in
the P controller is designed as Kp = 1 [V/A], while the
PT controller is designed as follows: the proportional gain
Kp =1[V/A], and the time constant Ty = 10 ms. Serious
steady-state errors i, and i4 occur in (a) and (b), whereas
no steady-state errors appear in (c) and (d).

IV. DiscussioN oN MAGNETIZING CURRENTS
A. Derivation of an Equivalent Circuit

When voltage vectors and current vectors are introduced,
the voltage-current differential equation of the induction
machine on the a-03 coordinates is given by

o
iz

[3]=1
9)

where

d d
r+ d_le at'M

LM — JomM 12+ SLy — Jwn Ly

B = [Var, va1l's T2 = [Va2, vp2l,
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Fig. 6. Simulated waveforms when the mutual inductance decreases
by 5%. (a) Step response of ip* under i4* = 0 in the case of the
P controller. (b) Step response of i¢* under ip* = 0 in the case
of the P controller. (c) Step response of ip* under i4* = 0 in the
case of the PI controller. (d) Step response of ig* under ip* =0
in the case of the PI controller.

- . .ot - . .
11 = [”/al: zﬂl] s U2 = ['LaZ) ZBZ]ta

and

The second row on the right side of (9) is written down
as follows:
— d > d i rd 7 d i
Vg = EMZ] + ELQ'IQ + 7oty — J(Um X (MZ[ + Lg’Lz). (10)
The fourth term on the right side of the above equation
corresponds to the so-called “electromotive force,” which
is represented by v, as follows:

T = —fwm % (M’Z‘l + Lz’?z), (11)

where x is a vector product. New voltage and current

)
vectors v and i, are defined by

- —

o L -
'U2’ = —]‘?1(1)2 — Ve — Tglz) (12)
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with the focus on the total linkage flux of the primary windings.

=7t (13)
Substitution of the above equations to (9) yields
d v Pad i
=L, ;ﬁ(n + zz,) + 71t (14)
d |~ . LioLiLy—M2d
Ly (i t+iz) —v3 = (M) T (15)
o d-~ d -~
v{:h h+( fh—m (16)

Fig. 7 depicts the equivalent circuit derived from (9)—
(16), which is characterized by applicability to analysis in
transient states. The primary and the secondary in the
equivalent circuit are coupled by an ideal transformer with
a turn ratio of L1/M : 1. Note that (Li/M)%(L1Ly —
M 2) /L, is the sum of both the leakage inductance in the
primary and that in the secondary, which is referred to the
primary. In Fig. 7, zg is a magnetizing current vector cor-
responding to the total linkage flux in the primary, which
will be discussed in the following subsection.

B. Discussion on a Magnetizing Current Vector ig

In this subsection, the primary and secondary resistances
T, and r; are disregarded for the sake of simplicity. The
primary and secondary interlinkage flux vectors, ¢; and ¢
are given by

| _[Lh M[%
[ 932 LM L 2] (an
Equation (17) gives ¢ as follows:
¢1 = Liiy + Miy. (18)
Substitution of (13) to (18) produces
é1 = Ly(31 + i3 ) = Laio. (19)

The above equation implies that ig is a magnetizing cur-
rent vector corresponding to the primary interlinkage flux
vector[12]. The primary voltage vector ; is given by
4

Inggro

This means that 70 is determined by ¥ when L, is a con-
stant value.

d -
=Zh= (20)
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Fig. 8. Voltage and current waveforms on the a-8 coordinates in
transient states: (a) Instantaneous active and reactive currents,
ip and iq. (b) Primary voltages, va1 and vg;. (c) Magnetizing
currents equivalent to the primary flux, a0 and igo. (d) Mag-
netizing currents equivalent to the gap flux, iag and igg. (e)
Primary currents, iq1 and ig;. (f) Secondary currents, ia2 and
tpg.

C. Relationship between the Primary Fluz Vector and the
Gap Fluz Vector

Let the primary leakage inductance of the induction ma-
chine be l;. The following relationship between ¢1 and ¢g

exists:
é1 = hiy + &, (21)

where JS;, is a gap interlinkage flux vector [11]. Another
magnetizing current vector i, can be defined as follows:

$g = M;g = $1 - ll';:‘l' (22)
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Fig. 9. Dynamic performance in case of considering the switching
operation of the voltage-fed PWM inverter. (a) Step response of
ip* under i5* = 0. (b) Step response. of ig* under ip* = 0.

This suggests that 'f'g corresponds to the gap interlinkage
flux vector. As a result, the following relationship exists
among ig, 9 and i;:

- L1—.' l1 -
Zg = H’lo - M—ZI

(23)
The theoretical disgussion concludes that é1 depends gnly
on 1, and ¢4 and iy depend on ¥ and i;. Note that i, is
not only the output vector but also the state vector of the
control system.

D. Transient behavior of io and fg

The transient behavior of f'o and fg is discussed below,
taking into account the primary and secondary resistances
r1 and ro. Fig. 8 shows simulated waveforms of voltage and
current on the a-8 coordinates, assuming that the ampli-
tude of ¥ is 1 pu. Here, the following step change in either
i, or ig* is intentionally made at the beginning of intervals
IT and IIT:

interval 1 ip* =0 ig* =0
interval Il i,* =0 ig* = —0.35
interval IIT  4,* =0.35 4,* = —0.35

Note that the authors impose a constraint of 40 = ig2 =0
during the steady state on interval II, in order to determine
the values of ip* (= i41) and ig* (= i51). As a result, the
constraint produces the instantaneous active and reactive

references of i,* = 0 and i,* = —0.35 in interval II. Fig. 8
results in the following observations related to B0
« The amplitude of 7o is held constant during intervals
I, IT and III, although the amplitude of Zg varies.
o The phase of 7y lags by 90° with respect to that of 7,
e During interval I, io is supplied from the secondary
because 11 = 0,
o During interval II, io is supplied from the primary be-
cause {2 =0.
Thus, it is concluded that 7y is automatically supplied from
the primary and/or the secondary, not only in the steady
state but also in the transient state, so as to have a constant
amplitude independent of i, and i4. In addition, fg is not
a directly-controllable variable because it is determined as
a result of having controlled i, and i,.

V. DYNAMIC PERFORMANCE IN CASE OF CONSIDERING
THE PWM INVERTER

Fig. 9 shows simulated waveforms in which the switch-
ing operation of the voltage-fed PWM inverter is taken
into account. Here, the control system for i, and i, has
a proportional-plus-integral (PI) controller, the time con-
stant of which is set at 77 =100 ms. The proportional gain
is designed to be K = 0.5 [V/A], so that the time constant
of i, and i, for a step change in 7,” and ig* is T' = 2.5 ms.
The triangle-carrier frequency of the voltage-fed PWM in-
verter is 1 kHz, and the dc link voltage is 0.2 pu. The
magnitude of the step change in ,* and i,* is set to be
+0.25 pu, so that the maximum output voltage of the in-
verter does not reach the saturation voltage, that is, the dc
link voltage of 0.2 pu. If the magnitude of the step change
is large enough for the control system to reach saturation,
it would be impossible to evaluate the response inherent in
the control system from the resulting response to the step
change, because the saturation voltage would dominate the
resulting response to the step change.

Fig. 9 exhibits that the time constant of i, and i, is
2.5 ms (w, = 400 rad/s) which is equal to its design value,
and that no cross-coupling occurs between i), and %,. The
rotor speed of the induction machine, w,, varies in Fig. 9
(a), whereas it is held constant at 360 rpm in Fig. 9 (b)
because i, = 0.

VI. CONCLUSION

This paper has described the control strategy and dy-
namic performance of a flywheel energy storage system
based on a doubly-fed induction machine for power con-
ditioning. The validity of the theory developed in this pa-
per is verified by computer simulation using EMTDC. This
paper can be summarized as follows:

o A new control strategy based on the combination of
vector control and decoupling control has been pro-
posed, which is characterized by constituting direct
feedback loops of i, and i,.

o The resulting response to a step change in i,* or i,* is
a first-order system with a time constant of T = I/K.
Here, [ is a leakage inductance given by (4), and K is
a proportional gain.
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¢ The magnetizing current corresponding to the primary
interlinkage flux is automatically supplied from the
primary and/or the secondary, not only in the steady
state but also in the transient state, and the amplitude
of the magnetizing current is held constant, indepen-
dent of i, and i,.

o The magnetizing current corresponding to the gap in-
terlinkage flux is not a directly-controllable variable
because it is determined as a result of having con-
trolled i, and i,.

The flywheel energy storage system based on a doubly-
fed induction machine is expected to be used exclusively as
a versatile power conditioner, in particular, being capable
of repetitively absorbing and releasing electric energy for a
short period of time less than a minute.
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