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Development and Operation Control of a
Switched-Reluctance Motor Driven Flywheel

Chi-Yuan Ho, Jung-Chi Wang, Kai-Wei Hu, Member, IEEE, and Chang-Ming Liaw

Abstract—This paper presents the development of a switched-
reluctance machine (SRM) driven flywheel system, its charg-
ing/discharging controls, and performance evaluations. By prop-
erly setting and tuning the winding commutation instant, the same
SRM can be operated as a motor and a generator in the SRM-
driven flywheel system with satisfactory performances. Moreover,
the hysteresis current controlled pulsewidth modulation scheme
with hard freewheeling and the commutation angle dynamic shift
controller are proposed to enhance the flywheel discharging gen-
erating performance. For interfacing the flywheel system to the dc
microgrid, a half-bridge bidirectional dc—dc interface converter is
developed. It is operated in a buck mode under flywheel charging
and in a boost mode under flywheel discharging. The dynamic mod-
eling and controller design are conducted to yield well-regulated dc
output voltage under varying flywheel-driven switched-reluctance
generator (SRG) speed. Finally, the measured results are given to
verify the performances of the established flywheel and its inter-
connected operation to a wind SRG-based dc microgrid.

Index Terms—Commutation tuning, energy storage system,
flywheel, interface converter, microgrid, switched-reluctance
machine (SRM).

NOMENCLATURE
Gecc(s) Voltage tracking error controller.
G.s(s) Dynamic shift controller.
Gey(s)  Voltage feedback controller.
Geo(s) Flywheel speed feedback controller.
Hyp(s) Low-pass filter.
Py Interface converter output power.
Py Flywheel charging/discharging power.
P, SRM air-gap power.
vp Battery bank voltage.
o Interface converter output voltage.
Vde Microgrid dc-link voltage.
Vay Flywheel dc-link voltage.

15} Commutation shift angle.
B Flywheel motor mode commutation angle.
By Flywheel generator mode commutation angle.
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Ap Dynamic commutation shift angle.
Awvgy Stroke ripple component of the dc-link voltage.
04 Dwell angle.

Ooir Turn-OFF angle.

- Shifted turn-OFF angle.
Oon Turn-ON angle.
0. Shifted turn-ON angle.

I. INTRODUCTION

URING the past decades, the developments and applica-
D tions of microgrids [1] have been receiving much attention
worldwide. Since the renewable energy source generating out-
puts are generally unpredicted and fluctuated, the microgrid is
needed to be equipped with suited energy storage buffer. The
commonly used energy storage devices include battery, super-
capacitor, flywheel, super-conducting magnetic energy storage,
etc. Each storage device possesses its features in capacity, dis-
charging/charging characteristics, and suited applications [2]—
[5]. For the flywheel, it belongs to power type having short
discharging duration and quick response time. The survey and
some successful applications of flywheel systems can be re-
ferred to [6]-[9]. Any electric machine can be operated in motor
and generator modes and can be served as the actuator of the
flywheel [10]. Among the existing motor-driven flywheels, in-
duction motors [11], [12] and permanent-magnet synchronous
motors [13]-[15] are perhaps the most commonly employed ac-
tuators. Owing to the simple motor structures, the synchronous
reluctance motor (SynRM) [16] and the switched-reluctance
machine (SRM) [17], [18] are also suited for these applications.
Moreover, compared to the SynRM, the SRM has simpler and
more rigid rotor, since it has no air slots, which are complicated
in design and manufacturing processes. Hence, the SRM pos-
sesses the flywheel driving application potential. In this paper,
an experimental SRM-driven flywheel system is established and
its charging and discharging characteristics are evaluated.
Compared to other commonly used motors [19], [20], the
SRM possesses many advantages, such as rigid rotor structure
and suited for high-speed driving, high-acceleration capabil-
ity, no cogging torque, high efficiency, simple converter circuit,
having fault-tolerant ability, etc. Hence, the SRM has high po-
tential in flywheel driving applications. Although it possesses
higher ripple torque owing to its singly excited doubly salient
motor structure, its effects on speed ripple and mechanical vi-
bration are negligible due to its high inertia low-pass filtering.
However, the developed torque capability of the SRM is highly
affected by the nonlinear winding inductance and the winding

See http://www.ieee.org/publications_standards/publications/rights/index.html for more intormation.
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Fig. 1.  Configuration and control schemes of the developed SRM-driven fly-

wheel system. (a) Schematic and photos. (b) Dimensions of the constructed
flywheel. (c) Control scheme.

current waveform. The typical improvement studies for improv-
ing its driving performance include: 1) motor design [20], [21];
2) current control [22]; 3) speed control [23]; 4) commutation
shift control [24]-[26]; and 5) voltage boosting [27], [28]. The
commutation shift and voltage boosting are the two effective
approaches to enhance the SRM drive operating characteristics
in high speeds.

The SRM can also be operated as a generator by properly
setting its winding current commutation instant at the negative

winding inductance slope region. Owing to the merits of cog-
ging ripple free feature and good power generating capability,
the SRM is suited to be operated as a generator. The typical
example applications include variable speed wind generators
[29], [30] and integrated starter/generator [31] in electric vehi-
cles. However, switched-reluctance generator (SRG) generation
performance is also highly affected by many factors. The de-
tailed analyses can be found in [32]-[34]. Among these, the
proper commutation setting is the most important one affect-
ing the winding current waveforms and the developed power
of an SRG. Not surprisingly, the winding currents pulsewidth
modulation (PWM) switching control is easy to fail and enter a
single-pulse mode under higher speed and/or heavier load. The
generating control variables will be dominated by commutation
instants. As the other commonly employed motors, by properly
setting the winding commutation instant for an SRM, it can be
operated as a motor and a generator for being the actuator of the
flywheel. In this paper, some key technologies are developed
for improving the SRM-driven flywheel charging/discharging
performances.

For an energy storage device, the bidirectional interface con-
verter is needed for conducting the discharging and charging
operations. Till now, there already are several bidirectional dc—
dc converters [35]-[39] being applied to electrical vehicles and
renewable power systems. In the developed SRM-driven fly-
wheel, a one-leg bidirectional dc—dc converter is designed and
used as its interface to the system common dc bus.

This paper presents the development of an experimental
SRM-driven flywheel system and performs its charging and dis-
charging operation controls. For interfacing the flywheel system
to the wind SRG output, a half-bridge bidirectional dc—dc inter-
face converter is developed. It is operated in a buck mode under
a flywheel charging mode and in a boost mode under a fly-
wheel discharging mode. In addition to the charging operation
mode, the flywheel discharging performances are enhanced via
the proposed hysteresis current controlled PWM (HCCPWM)
scheme, dynamic commutation shift approach, proper voltage
command setting, etc. Some measured results are given to ver-
ify the operation characteristics of the established SRM-driven
flywheel. The established flywheel followed by an interfaced
converter is first verified experimentally by its charging and dis-
charging operation characteristics. Then, the SRM-driven fly-
wheel system is connected to a wind SRG-based dc microgrid
to express the energy support application potential by some
measured results. The flywheel can be charged from the mi-
crogrid dc bus to establish its running speed. Conversely, the
flywheel can discharge the stored energy to power the micro-
grid. Specifically speaking, the performance enhancement ap-
proaches presented in this paper for an SRM-driven flywheel
include

1) SRM/SRG key issues explorations in Section II-B;

2) Commutation shifting under SRM driving operation in

Sections III-C and V-A;
3) Commutation shifting under SRG discharging operation
in Sections III-C and V-B;

4) Flywheel bidirectional interface converter establishment

and control in Section IV; and
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Fig. 2. Configuration and operation controls for the SRM-driven flywheel.
(a) System configuration. (b) Winding inductance profile and operation modes.
(c) Current control PWM scheme and equivalent circuits in the motor mode.
(d) Current control PWM scheme and equivalent circuits in the generator mode.

5) The interconnection operation control of the developed
SRM-driven flywheel to a wind SRG-based microgrid in
Section VI.

The presented approaches are helpful for establishing a high-

performance SRM-driven flywheel and achieving its successful
applications.

II. SYSTEM CONFIGURATION AND SWITCHED-RELUCTANCE
MACHINE

A. System Configuration

1) SRM-Driven Flywheel: Fig. 1(a) shows the configuration
and photos of the established SRM-driven flywheel system. The
flywheel output v4r (24 V) is processed through a one-leg bilat-
eral dc—dc interface converter (L, S,, D,,.S;, Dy) to establish
the boosted dc-link voltage of v, (48 V). It can be used to pro-
vide energy buffer for the dc microgrid as shown or for other
systems, such as elevator, uninterruptable power supply, etc.
The dimensions of the constructed SRM flywheel are shown
in Fig. 1(b). Although it lacks practicality without sealed in
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Fig. 3. Measured winding inductance profile and the defined key variables
related to the commutation processes of SRM and SRG.

vacuum environment and levitated bearing, it can be applied to
conduct the SRM-driven flywheel operation study. The devel-
oped technologies are unified and can be directly applied to a
practical flywheel.

Since the SRM cannot be popularly purchased like other com-
mercialized three-phase motors, an available one with ratings of
24 V/490 W/6000 r/min is employed to be the flywheel actuator.
The designs of the SRM converter and the followed interface
converter are easy to update according to the specified rated
voltages. The proposed flywheel control scheme is depicted in
Fig. 1(c). The designs of its constituted controllers are presented
in Sections III and IV.

2) Microgrid: An available dc microgrid shown in the upper
part of Fig. 1(a) consists of a wind SRG (vy; = 48V), a fol-
lowed interleaved current-fed push—pull (CFPP) isolated boost
converter (400 V), and a three-phase load inverter. To preserve
the energy supplying quality, a battery energy storage system is
connected to the microgrid common dc-bus (vg. = 400 V) via
a bidirectional dc—dc converter. As shown in Fig. 1(a), by in-
terconnecting the developed SRM flywheel with the microgrid,
the charging from the microgrid to accelerate the flywheel, and
conversely, the discharging of flywheel stored energy to support
the microgrid can all be successfully performed.

B. Switched-Reluctance Machine and Its
Motoring/Generating Operations

1) SRM Governing Equations: By neglecting the coupling
effect between phases and assuming a linear magnetic cir-
cuit, the phase winding voltage equation of an SRM can be
expressed as

o d0,) di 0L, 7).
fU*RSZ‘FTARZ‘i’L(G )dt Terzwr
A R+ L0, )% e (0,.1,0,) 1)

dt

where v = winding terminal voltage, Ry = winding resistance, i
= winding current, A(f,., i) = winding flux linkage, 6, = rotor
position, L(f,, i) = winding inductance, w, = rotor speed, and
e(@,, i, w,) = back electromagnetic force (EMF).
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The per-phase developed torque can be derived from the
field energy or co-energy; hence, the composite torque and
mechanical equation of an SRM drive can be written as

N N .
1 8Li(9,.,zi) ) dwr
T.= Ti=53 2 =1y 4 Bu, +J
- 22 e, TR ERT I
2

where T, = load torque, B = total coefficient of friction, J =
total moment of inertia, and N = phase number.

2) Key Issues of SRM and SRG: Some observations can be
made from (1) and (2):

1) The back EMF of an SRM is dependent on 0L(6,,4)/06,,

i, and w, . Hence, different to other motors, it is zero as
i = 0. The back EMF is increased with ¢ and w, to limit the
winding current control performance under high speeds.
Commutation shift and voltage boosting are the effective
approaches to improve this.

2) The developed torque 7.; of an SRM expressed in (2) is
similar to that of a series dc motor having high accelera-
tion ability. Because the developed torque of the SRM is
dependent on the current waveform and the phase relation-
ship between OL(6,,4)/00, and i, the properly commu-
tation instant tuning is needed to enhance the developed
torque capability.

3) The SRM can be operated as an SRG by setting the com-
mutation instant be located in a negative inductance slope
region. For an SRG, the negative back EMF will assist the
increase of a winding current rate. Hence, the successful
winding current control becomes more challenging.

4) Current-controlled PWM switching approaches. The HC-
CPWM scheme is robust against the system disturbances.
Hence, it is employed for the established SRM drive
shown in Fig. 1(a). In a motoring mode, the switches
(S1, S3, S5, S7) are in charge of PWM switching con-
trol, while (S5, Sy, Sg, Sg) are commutation switches.
As to the generator mode, the upper and lower switches
in the same leg are simultaneously operated.

Fig. 2(a) depicts the conceptual configuration of the SRM-
driven flywheel, and Fig. 2(b) shows the winding inductance
profile and the motor/generator operation modes. Assumed that
the mechanical system losses and the SRM losses are neglected,
the developed torques and the air-gap powers of the SRM in
flywheel charging motor mode and discharging generator mode
can be expressed from (2) as

1) Charging motor mode: Py =P, =T.,w,,P; >0,
T, > 0.

2) Discharging generator mode: Py = P = T, w,,T; <
0, P, <0.

The per-phase HCCPWM system configuration for generat-
ing the PWM signal of phase A, the winding equivalent circuits,
and currents during PWM ON and OFF intervals under the motor-
ing mode are shown in Fig. 2(c). And the ones for the generating
mode are depicted in Fig. 2(d), where the hard free-wheeling
mode is adopted (the switches 57 and Sy are operated simulta-
neously) for counteracting the adverse back EMF effect, which
is negative under generating operation.
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Fig. 4. Equivalent control blocks. (a) Phase winding current control loop.
(b) SRM drive speed control loop. (c) SRG voltage control loop.

C. Dynamic Modeling

As mentioned previously, the winding PWM switching con-
trolled current waveforms of an SRM are greatly affected by the
back EMF, especially for the SRG owing to the negative value of
back EMF. To yield robust current control, the hysteresis current
controller is adopted for both SRM and SRG in the developed
SRM-driven flywheel. As shown in Fig. 2(c) and (d), the soft
freewheeling is adopted for the SRM drive, whereas the SRG
employs the hard freewheeling to against the back EMF effects.
Fig. 4(a) shows the equivalent current-loop control block.

III. ESTABLISHMENT OF THE SRM-DRIVEN
FLYWHEEL SYSTEM

A. SRM Drive

The established flywheel SRM and its converter are shown
in Fig. 1(a). The major system components are described as
follows.

1) Flywheel: Its photo and dimensions are shown in
Fig. 1(b). The calculated moment of inertia is J =
0.243379kg - m?.

2) SRM: DENSEI motor RA130135, four-phase, 8/6,
6000 r/min, 490 W, 0.78 Nm. The measured winding
dc resistance is Ry = 0.0582 2. And the winding induc-
tance profile using the LCR meter (Hioki 3532-50 LCR
HIiTESTER) at 100 Hz is shown in Fig. 3.

3) Converter: The asymmetric bridge converter is formed
using the power MOSFET IRFP4368PBF [75 V/195 A
(continuous), 350 A (peak)], and the power diode
DSEI120-06 A [600 V/77 A (continuous), 100 A (peak)]
manufactured by International Rectifier.

4) Rotor position sensing scheme: Two-phase Hall sensors.



5) The DSP TMS320F28335 (Texas Instruments) with prop-
erly designed sensing and conditioning circuits is used to
construct the digital control environment.

6) DC-link voltage filter: The dc-link filtering capacitor is
chosen according to the following two guidelines: 1)
PWM ripple component Awyy, is reduced by choosing the
capacitor with lower equivalent series resistance (ESR) at
switching frequency; and 2) the total value of Cyy is deter-
mined according to the specified lower frequency stroke
ripple component Avgy. Hence, Cyy is formed by the par-
allel connection of a large capacitor s Cyr1 = 20000 pF
and a small one Cypo = 220 uF with measured ESRs:

Cdf = Cdfl//Cde = 20220/LF/50V, ESR = 7.97m{Y/
100 Hz, 6.83 mQ/1 kHz, 6.73 m{/1.8 kHz, 18.13 m,
100 kHz.

At an operating condition (motor speed w, = 4000 r/min,
stroke ripple frequency fy = 1.8 kHz, flywheel dc-link volt-
age Vyr = 24V, dc-link load resistance Rq = 1.86(2, dc-link
power Py = 309 W, and dc-link load current I;; = 12.88 A),
the dc-link ripple voltage can be found as [30]

ﬂ@&)Q ( Vi )2
Avgr = —— ) +————— ) =0.18V. (@3
v \/( Ry wst Rar Cr ©)

1) Speed Loop of a Flywheel Motor Under a Charging Mode:
Analogous to the conventional motor drive, the speed-loop dy-
namic behavior of the SRM drive is approximately expressed
by the block diagram in Fig. 4(b). Owing to the nonlinear torque
generating characteristic, the linearized torque generating con-
stant k; is derived from (2). By assuming ideal current PWM
control with ¢; ~ I., The linearization approach is applied at a
chosen operating point with I, = I to yield

OL(I.,0,)

AT, = Ef,A[m];:t = 1eo 96

: “

2) Voltage Loop of a Flywheel Generator Under a
Discharging Mode: From Fig. 1(a), the SRG output voltage
response due to the flywheel discharging is modeled as the
control block depicted in Fig. 4(c). The SRG dynamic model
is represented by a first-order process and a load power dis-
turbance constant K,;. For obtaining the improved generating
performance, a dynamic shift controller (DSC) is developed to
yield the dynamic commutation shift angle, which is adapted
with the averaged voltage tracking error.

3) Commutation Instant Shift: For an SRM-driven flywheel,
it will be operated both as a motor and a generator. Hence,
proper commutation instant setting and shifting are important
to yield better operating characteristics. The key variables in the
commutation processes of an SRM and an SRG are shown in
Figs. 1(c) and 3 and defined as

0on = turn-ON angle;

0o = turn-OFF angle;

0, = basic receded shift angle for SRG operation;
0! = 0o, — [ = shifted turn-ON angle;
0 ¢ = Oorr = shifted turn-OFF angle;
0s A 0y — 0, = dwell angle;
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Fig.5. Dynamic modeling of the bidirectional interface converter in the boost
dc—dc converter mode. (a) Schematic. (b) Dynamic model block using the state-
averaging approach. (c) Voltage-loop dynamic model.

(1 = basic commutation shift angle: 1) 5, = /3, for SRM
operation and 2) 8; = 3, for SRG operation;
A = dynamic commutation shift angle generated from

the DSC;
6 = p1 +AB = commutation shift angle: “+” for ad-
vanced shift and “—”" for receded shift.

Obviously if the simultaneous shifts of 6,, and 0,g are ap-
plied, the dwell angle 6; will be a constant (¢; = 15°). On the
other hand, for the advanced shift of 0,,,, with fixed 0,¢, 6, > 15°
will be resulted. To let the SRM be operated in the generator
mode, the commutation instants of 6,, and 6,5 are simultane-
ously shifted backward by a basic shift angle of 3, = —20°.

B. Control Schemes in a Charging Motoring Mode

1) HCCPWM Scheme: In the proposed current control
scheme shown in Figs. 1(c) and 4(a), the HCCPWM switch-
ing scheme with soft free-wheeling is adopted with the hystere-
sis band being set as h = 0.05],. The digital current control
sampling frequency is set to be fy; = 60kHz. And the current
sensing transfer function is set as

K 0.03
14+7s 1+159%10"s

where K; = 0.3 V/A is the sensing transfer factor, and (1/(1 +
1.59 x 107 s)) is a low-pass filtering process with cutoff
frequency f.; = 10kHz. Within the main dynamic frequency
range, it is reasonable to assume that i = K;(s)i ~ K;i, as
shown in Fig. 4(a).

2) Speed Control Scheme: Due to the inherent high inertia
load with sluggish dynamic response requirement, the PI feed-
back controller is adopted here as follows:

0.29

S

Ki(s) )

G (S) =12+ (6)

The digital speed control sampling frequency is set to be
fsw = 6kHz.

3) Commutation Shift Mechanism: As generally recognized,
the phase current cannot track its command under higher speed
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owing to back EMF effects. The voltage boosting and commu-
tation shift can be applied to improve the tracking performance.
The advanced commutation shift angle 3 under the charging
mode is labeled in Fig. 3.

C. Control Schemes in a Discharging Generating Mode

1) HCCPWM Scheme: As indicated in Fig. 2(d), the HC-
CPWM scheme (band h = 0.05],) with hard free-wheeling is
adopted.

2) Voltage Control Scheme: For simplicity, the voltage feed-
back controller shown in Fig. 4(c) is chosen to be PI type. Un-
der a flywheel discharging period, the SRG-driven speed will
be decreased gradually. The quantitative controller design is
rather difficult to achieve. Hence, the trail-and-error approach
according to the experimental experience is made to set

Gon(s) = 10+ g ™

The outer voltage loop digital sampling frequency is set as
fsv = 6kHz.

3) Commutation Shift Mechanism: The SRM-driven fly-
wheel may hardly generate power at lower speed and/or heavier
load. The commutation shift must be properly made to yield
improved generating characteristics. First, the basic backward
shift 3, = —20° is applied to place the winding current in
the negative inductance slope area. Then, the DSC shown in
Figs. 1(c) and 4(c) is used to enhance the flywheel power gen-
erating capability. The average value £, is obtained by a low-
pass filter Hyp (s).Then, a dynamic commutation shift angle
B = G.s(s)g, is generated and employed for shifting the turn-
ON and turn-OFF angles simultaneously. The P-type dynamic
control (G.4(s) = Kp,) is adopted here to avoid the control ef-
fort saturation caused by the remaining tracking error, which can
be eliminated by the feedback controller GG, (s). The generated
voltage command is set as vy, = 24 V and the key parameters
of the proposed DSC are set as

Ges(s) = Kps = 0.005 ()

! _ 1 ooss 9)

Hyp(s) = ———. =,
() =15 T 3k

4) Discharging Methods: From the above-mentioned analy-
ses for the SRM-driven flywheel, one can be aware the following
facts: 1) the flywheel driving speed will be gradually decreased
during the discharging process; and 2) the speed-dependent
SRM back EMF will be reduced accordingly. The generated
voltage command must be properly set and the commutation
instant must also be tuned to yield the improved discharging
characteristics.
The possible discharging approaches are suggested as
follows.
1) Fixed voltage control mode without the DSC: the constant
voltage commands are set as vy, =24V and v; =48 V.
Only the basic backward shift 3, = —20° is applied.

2) Fixed voltage control mode with the DSC: the same as 1)
but the tuning for commutation instant by the proposed
DSC scheme is added.

250mV
48V
Y IEINY
518mV / fVed
[—»
@) 150ms
250mV
48V —P—W
Vdc
IERNY
Kv
518mV | od
T
(b) 150ms
Fig. 6. Simulated (vg,v.q) of the established dc—dc boost converter due to

a step load resistance change Rj. = 5.91 to 4.7 by the designed voltage
controller. (a) Based on the circuit using the PSIM software. (b) Based on the
derived state-averaging dynamic model using the MATLAB.

3) Speed adapted voltage command control mode: the gener-
ated voltage command v, is decreased with the reduced
speed.

4) Tracking error adapted voltage command control mode:
as shown in Fig. 1(b), the voltage command is modified
by a component of Avj,, which is yielded by regulating
the filtered voltage tracking error through a PI controller.

Due to the limit of scope, only the first two approaches are

conducted here.

IV. BIDIRECTIONAL DC-DC INTERFACE CONVERTER

In the bidirectional dc—dc boost-buck interface converter de-
picted in Fig. 1(a), it is operated as a buck converter from v, to
vgr by (L, S,, Dy) during flywheel charging operation. Con-
versely, the flywheel discharging is conducted by the boost con-
verter from vyy to vg formed by (L, Sy, D,). The energy stor-
age inductor L and the voltage feedback controller from G, are
common for these two modes, and they all are treated in a boost
converter mode.

A. Energy Storage Inductor and Power Devices

Through ripple analysis, the inductor L = 120 uH is cho-
sen here. It is wound using the wire of AWG#10 with 25
turns on a toroidal core T249-26 (Micrometals). The mea-
sured inductances of the inductor are (132.09 yH/60Hz),
(127.47 uH/20kHz), and (126.92 uH/30kHz). The same
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4000 r/min < w, < 4500 r/min: 5 = 9°; and v) 4500 r/min < w,: # = 12°.

power devices as those of the SRM converter listed above are
adopted here.

B. Control Scheme

The bidirectional interface converter shown in Fig. 1(a) is
repeatedly depicted in Fig. 5(a). For simplicity and due to the
sluggish response attribute possessed by the highly inertia load
type of the flywheel, the direct duty-ratio control mode with-
out current control is adopted for the both boost and the buck
converters. The dynamic modeling using the state-averaging
method and the controller design for the boost dc—dc converter
in the discharging mode are made. And the designed controller
is also suited for the buck de—dc converter in the charging mode.
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Fig. 9. Measured w;, v4r, vq, and I. of the SRM-driven flywheel under the
discharging mode with a fixed voltage control mode without the DSC (8, =
—20°, =0%atR,; =220Q.

1) Dynamic Modeling: Some assumptions are made in
physical modeling deviation: 1) the power devices are ideal;
2) continuous-current mode operation; and 3) the ESR of en-
ergy storage inductor L is denoted by 7, while the ESR r¢ of
Cy is neglected. Applying the state-averaging approach, one can
derive and draw the dynamic model block, as shown in Fig. 5(b).
And through rearranging, one can yield the equivalent voltage-
loop control block shown in Fig. 5(c). The switching frequency
is chosen as f; = 30 kHz, and the voltage loop control sampling
rate is also set as fy, = 30kHz. The related transfer function
can be derived from Fig. 5(b) as follows:

Avd(s) o —LIdedS + [RZ(]. — D)‘/d — Ider]

G (S A - 2
wis)a AD(s)  R:C4Ls" + CyrpR3s+ (1 — D) R}

(10)

A’Ud

K];](S)é APd

o —LRdS — T‘LRd

Va|LCyRys? + (Carp Ry + L)s +r + Ry(1 — D)*]
(an

The set system parameters are L = 126.92 yH, r;, = 50 mS2,
Cq =51.7mF, f, = 30kHz, and Kpwy = 1. At a given oper-
ating point (Vy =48V, Vi =24V, D =0.5, Rq =5.91Q),
the dynamic model transfer functions found from (10) and
(11) are

Avg(s) —0.0122s + 873.46
Gyo(s) A - 12
(A XD = 0000257 0.0003s 18738 2
Av —0.00085 — 0.296
Kyi(s) A =2 (13)

S AP, 0.001952 + 0.745 + 73.32°
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2) Feedback Control: The voltage sensing factor is set as

1+ 7,8

0.05

K, (s) = - .
(5) 1+ 0.0001s

(14)

Based on the dynamic model established in Fig. 5(b) and (c)
with the transfer functions listed in (11) and (12), the PI feedback
controller is determined via computer-aided simulation to be

Kro 3
N CR Y W
S S

G(:’U(S) = KPU (15)

In the de—dc boost converter shown in Fig. 1(a), the input dc
voltage is set as vgy = 24V, and the dc output voltage command
is setas v; = 48 V. Fig. 6(a) shows the simulated output voltage
v, and the resulted control effort v.4 due to a step load resistance
change of Ry =591 t04.7Q (AP; = 100W, P; = 390W —
490 W) based on the circuit shown in Fig. 5(a) using the PSIM
software. And the simulated results based on the control block
of Fig. 5(b) and (c) using the MATLAB software are plotted in
Fig. 6(b). The results shown in Fig. 6(a) and (b) confirm their
closeness.

The designed controller listed in (15) is also applied for this

interface converter in the buck mode for regulating the voltage
vy, as shown in Fig. 1(c).
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Fig. 11. Measured results of the SRM-driven flywheel under the discharging
mode with a fixed voltage control mode and DSC (3, = —20°, § varied by the
DSC)at R; = 229Q. (a) w,, Vdf s Vd and I . (b) Vdf idf ,and ;.

TABLE I
MEASURED STEADY-STATE CHARACTERISTICS OF THE SRM-DRIVEN
FLYWHEEL AT DIFFERENT SPEEDS

Wy 1000 r/min 1000 r/min 4000 r/min
Jo] 0° 3° 3°

Vg 48V 48V 48V
P, 28.6 W 28 W 390.3 W
vy 24V 24V 32V
Pyy 23.6 W 23.8 W 361 W

n = (Pas/Pa) 82.52% 85% 92.49%

V. CHARGING AND DISCHARGING OPERATIONS
A. Flywheel Charging

In the established SRM-driven flywheel control scheme
shown in Fig. 1(c), by setting all switches in the position
“M,” the system is operated in the motor mode to establish
the flywheel speed. The effects of commutation advanced shift
and voltage boosting are first comprehended experimentally.
With vy = 48 V, the measured steady-state characteristics of the
SRM-driven flywheel at different speeds, vy, and shift angles
[ are listed in Table I. All these powers are measured using the
digital power meter WT1600M manufactured by YOKOGAWA,
Japan. Under (vq = 48V, vgr = 32V) and (w, = 4000 1/min,
0 =3°), Fig. 7 shows the measured (ii,4;) of phase-1
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Fig. 12.  Measured results of the SRM-driven flywheel under the discharging
mode with the DSC at Ry = 11.76 Q. (a) w;, v4f, v4, and Ic . (b) vy, dgf,
and 77 .

winding, Hall signal H 4, and switching signal S 4. Good PWM-
controlled winding current waveform is seen.

The results shown in Table I and Fig. 7 indicate that the
proper commutation shift and voltage boosting are the key issues
to achieve a high-performance SRM drive over a wide speed
range. Accordingly, to let the SRM-driven flywheel be smoothly
accelerated, the voltages (vg =48V, vgr = 32V) are set, and
the shift angles 3 under various speeds are arranged as

1) w, <3000r/min: g = 0°;

2) 3000 r/min < w, < 3500r/min: 5 = 3°;

3) 3500r/min < w, < 4000r/min: § = 6°;

4) 4000 r/min < w, < 4500r/min: 5 = 9°; and

5) 4500 r/min < w,: g = 12°.

The measured (w;, w!.) and I, due to the ramp speed command
change w, = 0 — 5200 1/min are plotted in Fig. 8. The smooth
flywheel acceleration characteristics are observed.

B. Flywheel Discharging

The switches in the SRM-driven flywheel control scheme
shown in Fig. 1(c) are placed in position “G.” The controllers
of the SRM drive in the generator mode and the bidirectional
dc—dc interface converter have been presented previously.

1) Fixed Voltage Control Mode Without the DSC: The cur-
rent command limit is set to be /.(;;.x) = 80 A, and the commu-
tation angles are setas 3, = —20°and 8 = 0°. Let (v, =24V,
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Fig. 13. Measured results of the SRM-driven flywheel being charged from

the SRG. (a) vg and i1 of the SRG. (b) v4; and iy of the SRM-driven flywheel.

vy = 48 V), the initial speed w, = 5100 r/min and Ry = 22,
Fig. 9 shows the measured rotor speed w,, two dc-link volt-
ages (vqf, vq), and the resulted current command magnitude
1. during discharging operation. The schematic with measured
variables being labeled is also shown in Fig. 9. The power flow
and the measured variables during the SRM-driven flywheel dis-
charging process can be clearly observed. Normal discharging
characteristics are observed.

2) Fixed Voltage Control Mode With the DSC: Some mea-
sured results are provided to demonstrate the effectiveness of
the DSC. Fig. 10 shows the measured results of the SRM-
driven flywheel under the discharging mode without the DSC
at Ry = 20€). Under the same condition, Fig. 11 shows the
measured results with the DSC. From Figs. 10 and 11, one
can find that with the DSC, the winding current waveforms
become better and the longer discharging periods are yielded.
Now let Ry = 11.76 2, only the SRG system with the DSC can
be operated in discharging operation with its results being plot-
ted in Fig. 12. All steady-state characteristics corresponding to
Figs. 10-12 are listed in Table II. The maximum discharging
power is found to be Py = 226.5W.

VI. SRG-BASED DC MICROGRID SUPPORTED BY
SRM-DRIVEN FLYWHEEL STORAGE

The established SRM-driven flywheel is connected to the
wind SRG-based dc microgrid, as shown in Fig. 1(a). It can
be charged from the wind SRG output dc bus to establish its
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TABLE II
MEASURED STEADY-STATE CHARACTERISTICS OF THE SRM-DRIVEN
FLYWHEEL UNDER DIFFERENT LOAD CONDITIONS

Without DSC With DS
Ry 20Q 15382 11.76Q2 200 15380 11.76 2
Vy 488V 487V (%) 489V 488V 488V
Py 117W 1528 W (%) 118 W 153 W  201.8 W
Vay 237V 238V (%) 239V 238V 24V
Pyy 132W 1713 W (%) 136 W 1709 W 226.5W
n(Py/Py) 88.63%  89.2% (%) 86.76% 89.53%  89.09%
+Failed operation.
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Fig. 14.  Measured results of the SRM-driven flywheel under the discharging
mode. (a) w;, V4, v, and L. (b) vgp and iy .

running speed. Conversely, the flywheel can discharge its stored
energy to power the dc microgrid.

A. Charging Mode

During the test, the wind SRG of microgrid powers the three-
phase load inverter under balanced loads (R, = R, = R, =
900 2), and it also powers the SRM-driven flywheel to establish
its speed through the interface buck dc—dc converter. At a par-
ticular instant with the SRG-driven speed of w, = 6000 r/min
and the SRM-driven flywheel speed w, = 5200 r/min, the mea-
sured dc-link voltage v, and phase-1 winding current 7; of the
SRG are shown in Fig. 13(a), and Fig. 13(b) depicts the mea-
sured dc-link voltage vgs and phase-1 winding current ¢ of the
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Fig. 15.  Measured results of the flywheel storage discharging characteristics
when the main source of the dc microgrid is suddenly removed. (a) DC-link
voltage vq. and three output voltage (v, x , v N , Ve ) Of the 3P3W load inverter
at balanced loads of (R, = R;, = R, = 900(2). (b) Expanded waveforms of
(a).

SRM-driven flywheel. The measured steady-state key system
variables are
1) SRM-driven flywheel interface buck dc—dc con-
verter: Vg = 47.7V, Py = T43.3W,Vyy = 3173V, Pyy =
704.9 W, n= Pdf/Pd = 9483%, and

2) SRG followed interface interleaved CFPP dc—dc con-
verter: Py =1223W, V; =477V, Vi =404.7V,
Pdc = 85.55 W, n= PdC/P,j = 6995%

Normal operations of wind SRG and SRM in the flywheel
system can be observed from the winding current waveforms.
And reasonable energy conversion efficiencies of the interface
dc—dc converters can also be found from the measured results.

B. Discharging Mode

The SRG is first operated stably under w, = 6000 r/min, then
the main source of the SRG in the dc microgrid is suddenly
removed, and the flywheel storage discharging is activated si-
multaneously. The measured terminal voltage vqy, microgrid
dc-link voltage v, actual speed w,, and current command /.. are
shown in Fig. 14(a), and the dc-link voltage vy and phase-1
winding current ¢; of the SRM-driven flywheel are shown in
Fig. 14(b). In addition, the measured microgrid dc-link voltage



vy and load inverter output voltage waveforms (v, v, VN, VeN)
are shown in Fig. 15(a), and Fig. 15(b) plots their magnifica-
tions at a particular time instant. The results indicate that within
a short time period, the microgrid can be supported by the en-
ergy from the flywheel, and the load inverter output waveform
quality is maintained. The measured key system variables are

1) SRM-driven flywheel interface boost dc—dc converter:
Vg =2397V, Py =1462W, V; =48.88V, P; =123 W,
n= Pd/Pdf = 8413%, and

2) SRG followed interleaved CFPP dc—dc boost converter:
Va=48.88V, Py =123 W, V4. =4079V, Py, =83.6W,n =
Py./Py = 67.95%.

VII. CONCLUSION

This paper has developed an SRM-driven flywheel system and
performed its charging and discharging operation controls. The
SRM with an asymmetric converter is first properly designed
and controlled to yield good winding current control character-
istics. The flywheel system is interfaced to the wind SRG output
via a half-bridge bidirectional dc—dc converter with a properly
designed controller. It is operated in the buck mode under the
flywheel charging mode and in the boost mode under the fly-
wheel discharging mode. In the charging SRM motor mode, the
programmed commutation shifts adapted to the flywheel chang-
ing speeds are set to yield smooth acceleration characteristics.
As to the flywheel discharging mode, the dynamic commu-
tation shift approach is developed to automatically adjust the
shift angle according to the average voltage tracking error. The
effectiveness of the proposed control approaches and the opera-
tion performances of the established SRM-driven flywheel were
first verified experimentally. Then, it is interconnected to a wind
SRG-based dc microgrid, and some measured results are pro-
vided to demonstrate the satisfactory operation characteristics.
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