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Abstract

Flywheel energy storage system (FESS) is an energy conversion device designed for energy transmission
between mechanical energy and electrical energy. There are high requirements on the power capacity, the
charging efficiency and the output precision of FESS. Active magnetic bearings are used to suspend the
flywheel (FW) rotor of the FESS in air to eliminate friction. A high rotating speed of the flywheel can increase
the power capacity but it also increases the disturbance load torque on the FW rotor. An observation control
model of load torque is therefore proposed to mitigate the disturbance load torque acting on magnetically
suspended FESS (MS-FESS) during the charging process. Moreover, for the discharging process of MS-FESS,
a compound control model combing the sliding model control and the extend state observer is proposed to
improve the response speed and the output voltage precision. Simulations and experiments are conducted to
testify the control performances of proposed control models during the charging and discharging processes of
a MS-FESS. The charging efficiency is improved by 17.6% with 46.6% reduction of the output voltage error
after using the proposed control models for the charging and discharging process control. The proposed control

method has high potential to be applied for process control of charging and discharging of practical MS-FESS.

Keywords—flywheel energy storage system; charging process; discharging process; observation control model;

compound control.

1 Introduction

Flywheel energy storage system (FESS) [1-4] is a complicate energy storage and conversion device [5, 6].
The FESS could convert electrical energy to mechanical energy by increasing the rotating speed of flywheel
(FW) rotor, so the FESS can be regarded as a motor during the charging process. On the other hand, the FESS
could release the stored mechanical energy by decelerating the rotating speed and therefore the FESS could be
considered as a generator during the discharging process. As an energy storage equipment, it has a series of
advantages on long life span, high conversion efficiency, great energy density and tiny environmental impact.
Therefore, the FESS has been widely utilized in the uninterruptable power supply system [7, 8], the power
transmission system from offshore wind farm to onshore grid system [9, 10], the isolated hybrid system [11-

14], the power supply system of satellite [15, 16] and the energy harvesting system of vehicle [17-19].
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In order to maximize the storage capacity of FESS with constant moment of inertia and to reduce the
energy loss, magnetic suspension technique is used to levitate the FW rotor to avoid the contact between the
FW rotor and the stator. This kind of FESS could be classified as the magnetically suspended flywheel energy
storage system (MS-FESS) [20, 21]. The friction between the FW rotor and the stator could be eliminated by
levitating the FW rotor to the balanced position in air, and the position of FW rotor could be controllable in five
degrees of freedom (DOFs) by regulating the magnetic forces of the magnetic suspension system [22].

In the MS-FESS, the control of charging process could affect its conversion efficiency from electrical
energy to mechanical energy, and the control of discharging process determine its steady-state precision of
output voltage. Therefore, a good control method for the charging and discharging processes of MS-FESS is
critical for its enhancement of storage capacity and energy conversion efficiency.

A nonlinear control model based on model predictive control [23] was proposed to a FESS in presence of
model uncertainties and external disturbances. Simulations were conducted to verify that the power quality of
direct current (DC) link voltage was enhanced. A battery/flywheel hybrid energy storage system was used to
mitigate load fluctuations in a shipboard microgrid [24]. An optimization approach and a lookup-table-based
approach were proposed to outperform the baseline control in terms of power fluctuation mitigation and power
loss reduction. Both the advantages and disadvantages of each strategy were analyzed. The results showed that
the optimization-based method could achieve a 2% to 5% reduction in power loss in comparison to the same
tracking error at nominal and high sea states. A periodic event-triggered control was designed for a FESS matrix
farm in the wind power plant [25]. Simulation results indicated that the number of triggers during the power
conversion process was greatly reduced and the convergence time is shortened to 0.7s. A robust discharging
strategy was proposed to incorporate the speed variation to the DC-link voltage control system [26]. A speed-
independent extended state observer was designed to enhance the robustness during the discharging process.
Experimental results proved that the control model could accurately track the DC-link voltage from OV to 300V.
A direct voltage control strategy without intermediate current loop was designed for FESS to ensure the fast
dynamic performance within its wide operation range [27]. An extended state observer was used to estimate the
disturbances acting on the FESS. The experimental results implied that the maximum tracking error was reduced
from 7V to 4V, and the recovery time was reduced from 0.25s to 0.1s when the FESS worked at 12000rpm. A
three-layer control system including a frequency control model, a mode coordination model and a speed control
mode was designed to reduce DC-link voltage variation of FESS in microgrid [28]. The settling time was
shortened to 1.6s and maximum overshoot was reduced to 11V. A fuzzy proportional plus derivative control
method was proposed for frequency regulation of a 2MW wind-power farm with 400kW flywheel energy
storage unit [29]. The simulation results showed that the maximum frequency variation was reduced to 0.04Hz

which is better than the traditional proportional plus derivative control method.
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The control methods of FESS are investigated to improve the charging efficiency and the discharging
precision in those above-mentioned papers, but most of them are designed for the hybrid energy storage system
based on FESS. In addition, the FW rotor used in those hybrid energy storage systems are supported by
mechanical bearings, and the charging and discharging processes of FESS with external disturbances are also
neglected. Therefore, the charging and discharging processes of MS-FESS are worthy of being researched to
improve charging efficiency and discharging precision. This article would be focused on two parts as following,

1. The charging process of the MS-FESS is investigated. A sliding mode control (SMC) method based on
extended state observation (ESO) model is designed to improve the charging efficiency and robustness of the
MS-FESS. The charging period is reduced from 85s to 70s through enhancing the stability of charging current.

2. The discharging process of the MS-FESS is also researched with focus on the process stability and the
precision improvement of the output DC bus voltage of the MS-FESS. The error between the actual DC bus
voltage and reference value is reduced from 3.28V to 1.75V when the load resistance varies.

This article is organized as follows. The structure and operational principle of the MS-FESS are introduced
in section 2. A SMC based on the ESO model are designed for the charging and the discharging processes.
Simulation results of the charging and discharging processes of MS-FESS with the ESO model are presented
in section 3. Experimental testing results of the control performance of charging and discharging processes are
presented in section 4. Finally, conclusions are drawn on the charging and discharging control of the MS-FESS.

2 The Brief Introduction about MS-FESS
2.1 The Mechanical Structure of MS-FESS

fElGERD _~ upper backup bearing

PMSM

axial AMB

FW rotor

e

(@ (b) (© (d)

Fig. 1. The prototype of MS-FESS, (a) the components of MS-FESS, (b) the prototype of MS-FESS, (c) the suspension state of MS-
FESS, (d) mechanical dimensions of flywheel rotor.

The prototype of MS-FESS is shown in Fig. 1, and the main components have a magnetic suspension

system and a motor/generator system. As shown in Fig. 1(a) and (b), the magnetic suspension system including
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two radial active magnetic bearing (AMB) units and an axial AMB unit. The FW rotor with a permanent magnet
synchronous motor (PMSM) is suspended at the equilibrium positions in radial and axial directions. Fig. 1(c)
shows the forces acting on the FW rotor. The upper and lower radial AMB generate magnetic forces to levitate
the FW rotor at the radial balanced position, and the axial AMB generates magnetic forces to suspend the FW
rotor at the axial equilibrium position. Moreover, the upper and lower backup bearings, as the protective devices,
can restrain any excessive displacement runout of FW rotor in case of failure of the magnetic suspension system.
The motor/generator system is consisted of a PMSM and a FW rotor with a large equatorial moment of inertia.
The PMSM turns the rotating FW rotor around the axial principal axis during the charging process.

The MS-FESS could convert electrical energy input to mechanical energy by increasing the rotating speed
of FW rotor during the charging process, and the stored energy can be written as

E=>J.w} (1)
where J is the moment of inertia of FW rotor around the axial principal axis, and w, is the angular velocity of
the FW rotor around the axial principal axis.

The mechanical energy of the MS-FESS can be converted back to electrical energy by reducing the rotating
speed during the discharging process, and the released energy could be expressed as
AE =] (0} — w}) )
where ;i is initial angular velocity of FW rotor, and e is terminal angular velocity of FW rotor.
2.2 The Charging Process Control of MS-FESS
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Fig. 2. The control diagram of MS-FESS during the charging process.

The MS-FESS could work at two statues including the charging and discharging processes by sharing the
same three-phase invertor with different control commands. The energy of the MS-FESS is stored as mechanical
energy by accelerating the FW rotor during the charging process at when the MS-FESS is working at the motor
state. During the discharging process, the stored energy of the MS-FESS would be released by decelerating the
rotating speed of the FW rotor, and the MS-FESS is working at the generator state.

The control diagram of the MS-FESS during the charging process is shown in Fig. 2, the energy storage is
accomplished by increasing the rotating speed of FW rotor. The control models of the MS-FESS during the
charging process include the speed control model and the current control model. In the speed control, a

proportional integral (PI) feedback control model is used to regulate the g-axis current using the reference
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rotating speed and the feedback speed. For the current control, a PI feedback control model is used to generate
the g-axis control voltage combing the feedback term and the input term of g-axis current. Moreover, another
PI feedback control is used to realize the closed-loop control of the d-axis current based on the feedback current.
Furthermore, the space vector (SV) switch table would generate the switch signals depending on the «-axis and
p-axis voltages, and the pulse width modulation (PWM) signals are then generated to control the switching
sequence and the duty cycle of three-phase invertor. Finally, the three-phase voltages are output to accelerate
the FW rotor in order to convert the input electrical energy to mechanical energy during the charging process.

The d-axis voltage and the g-axis voltage can be respectively expressed as

Ug = Rylg + L 52 — wsLqig 5
Ug = Rgig + Ly % + ws(Laiq + 5)

where ugq is the d-axis control voltage, and uq is the g-axis control voltage. Rs is the stator resistance. Lq is the d-
axis equivalent inductance, and L is the g-axis equivalent inductance. iq is the d-axis control current, and iq is
the g-axis control current. ws is the electromagnet angular velocity, and s is the rotor flux linkage.

The electromagnetic torque function of MS-FESS could be written as

_ 3Pn[wsig+(La—Lg)iaiq]

2 4)
T, =T, + Bo, + ], o

Te

where T is the electromagnetic torque. P, is the number of pole pairs. T is the load torque, and B is the damping

coefficient. The relationship between the angular velocity and the electromagnet angular velocity is written as

ws = Py (5)

In the charging process of the MS-FESS, the reference value of the d-axis current is defined as iq =0. the
differential equation of the g-axis control current and the angular velocity could be written as

{ﬂ:—Rs- 1 Ys

dt Ilq‘i'zuq—zws
dwy -B 1 1
=—w,+-T, — =T, 6
at e " e € et ©
3 .
k Te=EPn1/)slq

When the load torque of the MS-FESS is constant, the space function of the MS-FESS during the charging
process could be expressed as

{xc = A.x. + B.u, R

Yo =Cex,
where the space vector x.=[qr r Ti]" (g is the angle position).
The input vector is uc=iq, and the output vector is yc=cr. The state matrix, the input and output matrices

could be expressed respectively as
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0 1 O 0
B 1. _ |kl . _
Je Jel|’ B”_Je’ Cc=[0 1 0] ®)

0 0 O 0
The state space function in (7) could be rewritten in augmented form as
{xcl = Aclxcl + Bcluc - Bcle
ycl = Cclxcl

(€))

0 1 kT 11T
Whel’e X1 = [q‘r w‘r‘]T, ACl = 0 -B 7BC1 = [O E:I lBCZ = [0 Z:I ,and CCl = [0 1]

The load torque is regarded as a disturbance in the charging process of the MS-FESS. The proposed ESO
for the load torque could be written as
Xc1 = AciXer + Boyute — B Ty + Hoy (CoaX oy — Cor%er) (10)
where those terms with the sign ¢~ represent the observed value of corresponding terms, and Hei=[hs h2]".
The error function between the observer function in (10) and the state space function in (9) could be
derived and written as
€cy = Koy = Xey = (Aeg — HerCo)ees — B (T, — 1)) = Acey =W (11)
where A, = (Ae; — Hey Coq), W = B, (T, — T)) and ey = x4 — %y
In order to realize an accurate observation for the load torque, the error function in (11) must be a
convergence equation. According to Popov hyper-stability theory, the following two conditions must be
satisfied to guarantee the convergence of the error function.
(i) H(s)=(sl-A¢) ! is a positive real matrix.
(i) with e, = y — ¥, there is [, e] wdt > —y?.
Therefore, in order to ensure the error function can meet the two conditions above, the observation function

of the load torgue is designed and written as

= K

T, = (Ko + 1) "B, (12)
where Kp is gain coefficient of estimating load torque, and K; is integral coefficient of estimating load torque.

By expanding (11) into two equations, we have

sq, = W, + hl (QT - (7r) (13)
~ B = ~

SWy =__ewr_iTl+iTe+h2(qr_QT) (14)

Considering that sqr=cwr, the equation (13) could be rewritten as

~ 1 ~
(qr - qr) = m(wr - wr) (15)
Substituting (12) and (15) into (14), the observation function for rotating speed could be obtained and

written as
~ 1 1 1 (Kp—Jelhy,  Ki1 ~

@r =7 e—mm(—]e +E§) (0, — &) (16)
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Compare (16) to (4), the observation function of load torque could be written as

7 _ 1 (Kp—Je’hy | Ki1 o~
hi= s+hyq ( Je + Je s) (wr — @y) (17)

Therefore, the load torque caused by the speed error of FW rotor could be obtained.
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Fig. 3. The control model of MS-FESS during the charging process.
According to the above observation function design of load torque, the equivalent control model of the

MS-FESS during the charging process is shown in Fig. 3. Given that the reference d-axis input current ig =0,
only the speed control and the g-axis current control are used to regulate the drive torque of MS-FESS, and
ESO model of load torque is proposed to mitigate the disturbance due to load torque.

2.3 The Discharging Process Control of MS-FESS
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Fig. 4. The control diagram of MS-FESS during the discharging process.
When the MS-FESS is switched from the charging process to the discharging process, the reference input

would be switched from the rotating speed to the reference DC bus voltage. As shown in Fig. 4, the stored
mechanical energy could be converted to the electrical energy by decelerating the rotating speed of FW rotor.
The back electromotive force (EMF) in three-phase windings of the MS-FESS is converted to the reference DC
bus voltage through the three-phase invertor. In the discharging process of MS-FESS, a sliding mode controller
(SMC) is designed for the voltage control loop with the output DC bus voltage. Furthermore, a PI controller is
designed for the control loop of g-axis current and d-axis current. The PMW signals are generated to regulate
the duty cycle and the on-off sequence of the discharging loop. Therefore, the discharging process of the MS-
FESS would be realized.
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Fig. 5. The rectification models of the MS-FESS during the discharging process, (a) the electrical angle of MS-FESS is /3, (b) the electrical
angle of MS-FESS is 2/3, (c) the electrical angle of MS-FESS is 7, (d) the electrical angle of MS-FESS is 47/3, (e) the electrical angle of
MS-FESS is 57/3, (f) the electrical angle of MS-FESS is 27.

For the discharging process of the MS-FESS, there are two operational modes including the passive
discharging mode and the active discharging mode. For the passive discharging mode, the back EMF of the
MS-FESS could be passively converted to the DC bus voltage which varies with the discharging process. The
detailed discharging process with six recertification steps is shown in Fig. 5, and the current pathway is marked
by the green line. During the passive discharging mode, the insulated gate bipolar transistors (IGBTs) of the
three-phase invertor are switched off. The current rectification is accomplished through regulating the switch
sequence of diodes. For instance, the a-node voltage is highest in the rectification process as shown in Fig. 5(a)
with the electrical angle at z/3, and the b-node voltage is lowest during the first stage of passive discharging
process with diode D1 and diode D4 switched on. Moreover, the current rectifications from Fig. 5(a) to (f)
would be sequentially conducted when the electrical angle is increased from 2z/3 to 2z in steps as shown in
Fig. 5. Therefore, the current pathway would vary with the electrical angle during the rectification process.

For the active control of discharging process, the DC bus voltage acting on the load resistance is measured
by the voltage sensors, and then fed back to the voltage control loop for the determination of the g-axis control

current. Moreover, the designed ESO model could estimate the electrical angle based on phase voltages and
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phase currents. Through the Clark transform and the Park transform, the phase currents i, and i, could be
transferred to the d-axis feedback current ig r and the g-axis feedback current iq . Through the PI controller of
current control loop, the d-axis voltage uq and the g-axis voltage uq could be determined. The d-axis control
voltage ug and the g-axis control voltage uq are then transferred to the a-axis control voltage u, and the S-axis
control voltage ug through the inverse Park transform. Therefore, based on the space vectors Ta, Ty and T¢ output
from the switch table, the equivalent PMW sequence signals could be generated to control the switch sequence
of transistors for the active discharging process.
In the feedback loop of discharging process, the feedback terms of d-axis and g-axis currents are
iq r =14 cosO;+ig-sinb
{iq:f= —?a : singf + fﬁ : cosgf (14)
where 6 is the electrical angle estimated by the SMC model.
To design the SMC model of voltage control loop, the equivalent a-axis and S-axis back EMFs of MS-
FESS are defined as
V, = —k,w, sinf
{VZ = —k:w: 0056'/; (15)
where ke is the back EMF coefficient. The differential functions of equivalent a-axis control current i, and
equivalent g-axis control current ig are written as

&=_M+Q+u_‘l

dt Lg Ls L
di Rg'i 14 u

dig _ _Reig Vg ug
dt Lg Ls = Lg

(16)

When the MS-FESS works at transition process at the rated rotating speed, there is d“:r =0.

d
The derivative functions of back EMF are

=g
avg (17)
o - Ve

So the differential functions of equivalent a-axis control current i, and S-axis control current ig in (16)can

be rewritten as

dig R'J + Ug—KfZea—Za
dt L L
o % ° (18)
dig _ _Rip | vp=KrZep=7p
dt Lg Lg

where K (greater than 0) is the feedback parameter, z, and z; are defined as the switch functions of SMC model.
The switch functions of SMC model are expressed as

{Sa=i2—ia

The switch functions of SMC model could be written as
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k, Sap >4
Z kS
(23] = k- sat(Sag) =15, —A<Sep <4 (20)
—k, Sap <=4

where k is the control coefficient of the switch function.

Based on the Lyapunov stability, the switch function should satisfy the following condition.

és = SapSap = k > max(|V,  |Vg]) (2D
The control functions of SMC model could be designed as following
7 _ ZgWc
€T (s+wc)
2p e (22)

ZeB = (svwo)
where . is the cutoff frequency of the low-pass filter.

The derivative equations of switch function are

asy _ RSy | ugKyzep i (3)
dat L Lg
For the stable SMC model of MS-FESS, the state lies on the sliding surface, so we get
Se=1i8—i,=0
{S‘"_ .’3‘_.“_0 (24)
B= =
Furthermore, we get
e, =Kz, +2
{ a ~ f4ea a (25)
eB = KfZeB + Zl;
Finally, the electrical angle of FW rotor could be obtained and written as
6y = — tan™ (e—“) = —tan™? (M) 26)
eg KfZeB+ZI;

For the voltage control loop of charging process, the error function between reference voltage uq r and
output voltage uq could be expressed as

€q_u = Uqg_r ~Uq 27

For the current control loop of charging process, the g-axis control current with P1 control model could be

obtained as following

. 1
iq r=eq u (Keup+ Keu i7) (28)
The error function between g-axis control current and g-axis feedback current during charging process is
eqii = iq,r_iq,f (29)
The g-axis voltage uq based on the Pl control model could be expressed as
1
Ug =€ i* (in,p + in,i;) (30)

The d-axis voltage ug based on the PI control model is written as

10



264

265
266
267

268

269
270
271

272
273

274
275
276
277
278
279
280
281
282
283

Ug=€q ;* (Kdi_p + Kdi_i§>; S.tieg (=lig r—€q r (3D

In the practical control during the active discharging process of MS-FESS, the reference d-axis control

current is defined as iq_ =0. Through on the inverse Park transform about the d-axis and g-axis control voltages,
the a-axis and f-axis voltages during the discharging process can be written as

{ Uy = Uq - COSOF — U, - SiNb; (32)

Ug = —Uq - Sinby +u, - costy
Therefore, the active charging process of the MS-FESS would be realized.
3 Simulation about Charging and Discharging Process of MS-FESS
3.1 The Charging and Discharging Power Curve of MS-FESS
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Fig. 6. The charging and discharging power curve of MS-FESS with the rotating speed.

The charging and discharging processes of MS-FESS are simulated to compare the control performances
of different control models, and the relationship between the stored energy and the rotating speed during the
charging process and discharging process are illustrated in Fig. 6. The stored energy is improved with the
increase of rotating speed of FW rotor during the charging process. The operational status of the MS-FESS
would be switched from the charging process to the transition process to maintain the rated power storage 0.5
kW-hr by keeping the rotating speed of FW rotor constant. In the discharging process, according to the reference
DC bus voltage, the mechanical energy of the MS-FESS is converted to electrical energy through decelerating
the rotating speed of FW rotor. When the discharging process of MS-FESS is over, the stored energy would be
recharged by increasing the rotating speed of FW rotor again, and the operational mode of the MS-FESS is

switched to charging mode again.

11
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3.2 The Charging Process of MS-FESS Using ESO Model
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Fig. 7. The speed curve of FW rotor during the charging process of MS-FESS, (a) the speed curve of FW rotor, (b) the speed error
between the actual speed curve and the reference speed curve.

The speed curves and the control currents of the MS-FESS are recorded during the charging process in the
simulation. The error between the actual speed and the reference speed is analyzed to verify the effectiveness
of the ESO model used in the charging process. The speed curves of the MS-FESS during the charging process
are plotted in Fig. 7 when the reference rotating speed is 5000 rpm. In Fig. 7(a), the actual speed of FW rotor
could track the reference speed with a short time-delay. For the speed curve of the MS-FESS without using the
ESO model, the time-delay is about 0.1s. However, the time delay is reduced to 0.02s after applying the ESO
model. An impulse disturbance is imposed to the speed when the simulation time reaches to 0.3s. The speed
error response of the FW rotor is shown in Fig. 7(b). The maximum speed error without using the ESO model
is about 3000rpm at the response point, and it is reduced to 2000rpm after the ESO model is applied.
Simultaneously, the control currents iq and iq of the MS-FESS during the charging process are recorded and
they are plotted in Fig. 8. For the g-axis control current iq as shown by the blue line in Fig. 8(a), the maximum
variation of the g-axis current iy reaches to 14.1A without the ESO model, and it is reduced to 11.7A after
applying the ESO model which is about 17% difference between the two cases. Fig. 8(b) shows the curves of
the d-axis current ig, the obvious variation of the d-axis current ig occurs when the speed curve of MS-FESS
varied from the rated value, but the deflection magnitudes of d-axis current ig without and with the ESO model

are quite close.
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Fig. 8. The control current curves during the charging process of MS-FESS, (a) the g-axis current i, curve of MS-FESS, (b) the d-axis
current i, curve of MS-FESS.
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Fig. 9. (a) The DC bus voltage curve during the discharging process of MS-FESS, (b) the voltage error between the actual output DC bus
voltage and the reference input DC bus voltage during the discharging process of MS-FESS.

The discharging process of MS-FESS is also investigated by simulation. The DC bus voltage and the
control currents of MS-FESS are compared and analyzed. Firstly, the DC bus voltages during the discharging
process are recorded and plotted in Fig. 9(a) with the reference DC bus voltage sets at 560V. There is a short
time-delay between the reference voltage and the actual output voltage. The DC bus voltage is hold at the stable
amplitude 560V during the discharging process. As shown in Fig. 9(b), the maximum error between the
reference input DC bus voltage and the actual output DC bus voltage is about 798V due to the time delay of the
speed control loop and the current control loop. The d-axis and g-axis current curves of the ME-FESS during
the discharging process are recorded and plotted in Fig. 10 to verify the tracking performance of the SMC model.
As shown in Fig. 10(a), although the g-axi current iq has an obvious oscillation at the initial discharging moment,
the g-axis current iy of the MS-FESS varies within the stable range [-5A 5A] during the discharging process.
On the other hand, the d-axis current iq during the discharging process jumps to a negative value -22A when
the MS-FESS is switched to the discharging process as shown in Fig. 10(b). The MS-FESS is then working at
the field-weakening operation process. The d-axis current ig oscillates stably with a small amplitude during the
discharging process of the MS-FESS.
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Fig. 10. The d-axis and g-axis current curves during the discharging process of MS-FESS, (a) the g-axis current curve during the discharging
process of MS-FESS, (b) the d-axis current curve during the discharging process of MS-FESS.

Above all, for the charging process of the MS-FESS, the designed ESO model could accurately estimate
the disturbance acting on the speed regulation process, and the variations of the control current and the rotating
speed of the FW rotor could be effectively suppressed. For the discharging process of the MS-FESS, the control
model could exactly track the reference input DC bus voltage, and the control currents of the ME-FESS are
maintained within stable ranges.

4 Charging and Discharging Experiment of MS-FESS
4.1 Experimental Setup of MS-FESS

The experimental setup of MS-FESS is shown in Fig. 11. The major components include a PMSM rotor
system, a magnetic suspension system, a charging/discharging system, a control system and a measurement
system. The PMSM could govern the rotating speed of FW rotor to realize operational switching of the charging
and the discharging processes. A pump is used to provide vacuum inside to mitigate the wind resistance at high
rotating speed. The magnetic suspension system has two couples of radial AMB units at upper end and lower
end are used to control the radial translations and tilting of FW rotor. The axial translation of FW rotor is
controlled by two couples of axial AMB units at upper side and lower side of FW rotor’s disc, so the friction
between the FW rotor and the stator could be avoided. In the charging and discharging system of the MS-FESS,
the three-phase inverting and rectifying system is composed of three couples of IGBT units, three couples of
rectifier diodes and a voltage conversion module, and the charging/discharging process of the MS-FESS could
be realized by the inverting/rectifying system based on the proposed control methods as described before. The

control system is based on a DSP+FPGA control chip for signal processing and code programming. In addition,
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a data acquisition (DAQ) module and the displacement sensors form the measurement system to collect the
current and voltage signals of the MS-FESS and the dynamic displacements of FW rotor during the charging

and discharging processes. The industrial PC (IPC) and the oscilloscope (OSC) monitor the system status of the

MS-FESS. The detailed system parameters of the MS-FESS are listed in

TABLE. I, and the control parameters of the MS-FESS during the charging and discharging processes are

listed in TABLE II.

phase currents
phase voltages

charge/discharge

displacements ontrol commands
rotational speed power supply

output DC voltage
g-axis voltage/current
d-axis voltage/current

control signal

power supply of AMB  IPC
Fig. 11. The whole experimental setup of MS-FESS.

TABLE. L. The system parameters of MS-FESS.

Setup

Attributes

PMSM/FW rotor system

mass m=150Kg

torque coefficient k=0.54

back-EMF coefficient ke=0.065

rotor flux linkage w.=0.18Wb

stator resistance R=0.24Q

stator flux inductance L4=L4=0.08mH
equatorial moment of inertia Je=1.459Kgm?
rotating speed w=5000rpm

pole pairs p,=2

material of FW rotor 35CrMnSiA

Magnetic suspension system

radial displacement stiffness -2800N/mm
axial displacement stiffness -1700N/mm
radial current stiffness 620N/A

axial current stiffness 470N/A

power consumption at steady-state 147W
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power consumption during suspension 188W

Charging/Discharging system

Self-designed system
IGBT: CM35MXA-24S
Diode: RM600DY-34S

Control system

DSP: TMS320F28335
FPGA: Altera EPF10K30RC208
power supply system: Tektronix Keithley

Measurement system

sensitivity of displacement sensor 3.3V/mm
DAQ Board: NI PCI 6355
Oscilloscope: Keysight 2000 X-Series

359
360 TABLE. 1I. The control parameters of MS-FESS during charging and discharging processes.
Symbol  Quantity Value
hy parameter of ESO 0
h, parameter of ESO 1.5%x10°
Ko gain coefficient of ESO 11
Ki integral coefficient of ESO 0.02
k control parameter of SMC model 65
Kt feedback coefficient of SMC model 1
[N cutoff frequency of low-pass filter 1000Hz
Kaup proportional coefficient of g-axis voltage 0.8
Kaui integral coefficient of g-axis voltage 22
Kaip proportional coefficient of d-axis voltage 9.6
Kai i integral coefficient of d-axis voltage 24
361 4.2 The Control Performance of Magnetic Suspension System
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362 Fig. 12. The suspension performances of magnetic suspension system, (a) dynamic displacements of flywheel rotor at 5000rpm, (b) axis
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The magnetic suspension system is the critical unit of MS-FESS, the suspension performance is tested first.
When the rotational speed of flywheel rotor is 5000rpm, the dynamic displacements of flywheel in x and y axis
are shown in Fig. 12(a), the max displacement is 0.02mm which is 16.7% of the 0.12mm protective airgap. The
axis orbit of flywheel rotor at 5000rpm is plotted in Fig. 12(b), and it shows that the flywheel rotor can be
stably suspended within the protective airgap. Moreover, when the rotational speed of flywheel rotor is
12000rpm, the dynamic displacements in x and y axes are illustrated in Fig. 12(c). The max displacement is
0.01mm which is only 8.4% of the protective airgap. The axis orbit of flywheel rotor is plotted in Fig. 12(d).
It shows that the flywheel rotor is stably suspended within the protective airgap. Moreover, the power of
magnetic suspension system during the suspension process is 187.54W, and the power at steady suspension
state is 146.88W.

4.3 The Energy Storage Curves of MS-FESS During Charging and Discharging Processes

2 800 — — — 1

= charge —>transition -—>discharge | E
E 600 | | N4
= ~—
3] I
3 200 speed curve 0 oéa
@ r b)

= | / 2
= I power curve =
S 200f | S
S o0 - : - 0

0 100 200 300 400

Time(s)
Fig. 13. The relationship between the stored energy and the rotating speed during the charging and discharging processes of MS-FESS.

In this part of experiment, the power storage curves of the MS-FESS during the charging and discharging
processes are recorded and plotted in Fig. 13. The rotating speed of the MS-FESS is shown by the blue line
while the stored power of the MS-FESS during the charging and discharging processes is displayed by the red
line. The working process of the MS-FESS could be divided into three processes including the charging process,
the transition process and the discharging process. When the MS-FESS is working in the charging mode, the
stored energy raises with the increase of rotating speed, and its rated value is 0.5kW-h at 5000rpm. Furthermore,
the operation of the MS-FESS would be switched from the charging mode to the transition or the holding mode
when the rotating speed kept at the rated value. During the discharging process of the MS-FESS, the stored
energy would rapidly fall to the set point by decelerating the rotating speed, so the stored energy can be released
as electrical energy. Therefore, the fast switches among different operational modes could be realized, and the
charging and discharging process of the MS-FESS could be accomplished by storing of the mechanical energy
and releasing to electrical energy.

4.4 The Charging Control Process of MS-FESS Using ESO Model
The charging performance of the MS-FESS is tested on the rotor acceleration and the control current

variations during the charging process. The charging period and the stability of control current are shown to be
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the critical parameters of the charging process. The control currents of the MS-FESS during the charging and
discharging processes with and without the proposed ESO control model are plotted in Fig. 14(a) and (b),
respectively. In both cases, the g-axis control current iy of the MS-FESS is regulated to 80A to accelerate the
rotating speed of FW rotor during the charging process to convert the electrical energy to mechanical energy.
The control current shows much bigger fluctuations in Fig. 14(a). The control currents are varied in a stable
range in both cases after the rotating speed of FW rotor reaches the rated value and the control mode is switched

to maintain the speed of FW rotor in the transition process.
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Fig. 14. The control currents of MS-FESS during the charging and discharging process, (a) the control currents of the MS-FESS without
the ESO model, (b) the control currents of the MS-FESS with the ESO model.
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Fig. 15. The control current curve during the charging process of the MS-FESS, (a) the control current curve of the MS-FESS without the
ESO model, (b) the control current curve of the MS-FESS with the ESO model.

The g-axis control currents of the MS-FESS during the charging process are shown in Fig. 15 to compare
the charging performance of different control models. For the g-axis current curve without the ESO control
model in Fig. 15(a), there are large fluctuations of the control current about the reference current 80A during
the charging process, and therefore the acceleration of the FW rotor during the charging process is affected and
it takes a longer acceleration period during charging as shown in Fig. 14(a). On the other hand, the g-axis
current curve with the ESO model as shown in Fig. 15(b) can be maintained at the set value 80A with just very
small variations. As a result, the charging period of the MS-FESS with the ESO model is greatly shortened from
85s into 70s.

4.5 The Discharging Control Process of MS-FESS Using SMC Model
Moreover, the precision of output DC bus voltage is the most important parameter to the discharging

process, and the robustness of discharging process is also critical when the load resistance varies. The speed

curve and the output DC bus voltage of the MS-FESS during the discharging process are measured for testing
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of the proposed control method for discharging. The measured output DC bus voltage curves with and without
using the SMC model are plotted in Fig. 16(a) and (b), respectively. The output DC bus voltages of the MS-
FESS in both cases vary with the rotating speed during the charging process and the transition process, and it
is maintained at the steady-state amplitude by tracking the reference value during the discharging process. The
error between the actual output DC bus voltage and the reference input DC voltage (560V) during the
discharging process of the ME-FESS with and without using the SMC model are plotted in Fig. 17(a) and (b),
respectively. The root mean square (RMS) value of voltage error is used as an index to evaluate the control
performance of the MS-FESS during the discharging process. For the voltage error without the SMC model in
Fig. 17(a), the RMS of output DC bus voltage during the discharging process is 3.28V while it is reduced to
1.75V after using the SMC model as shown in Fig. 17(b). The relative reduction is 46.6% after applying the
SMC model in the control of the discharging process of the MS-FESS.
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Fig. 16. The output DC bus voltage during the charging and discharging processes of the MS-FESS, (a) the output DC bus voltage of the
MS-FESS without the SMC model, (b) the output DC bus voltage of the MS-FESS with the SMC model.
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Fig. 17. The output voltage error during the discharging process of MS-FESS, (a) the voltage error of MS-FESS without the SMC model,
(b) the voltage error of the MS-FESS with the SMC model.

Above all, the experimental tests show that the proposed ESO control model can improve the charging
performance of the MS-FESS by accurately tracking the control current for accelerating the rotating speed of
the FW rotor. Moreover, the proposed SMC control model can reduce the voltage error between the actual
output DC bus voltage and the reference voltage during the discharging process of the MS-FESS.

5 Conclusion and Discussion

The charging and discharging processes of MS-FESS are analyzed in this article. An ESO control model
is proposed to improve the charging speed of the MS-FESS and a SMC control model is proposed to reduce the
voltage error during the discharging process of the MS-FSS. In the charging process of the MS-FESS with the
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proposed ESO model, the reference speed curve of the MS-FESS is more accurately tracked. The acceleration
period of charging process is reduced from 85s to 70s, so the ESO model could significantly improve the
efficiency and robustness of the MS-FESS during the charging process. Moreover, for the discharging process
of the MS-FESS, the voltage error between the actual value and the reference voltage is reduced by 46.6% with
the designed SMC model. The test results show that the proposed SMC model can significantly improve the
output precision of DC bus voltage.

In the future work, the charging and discharging process of MS-FESS with higher rotational speed will be
investigated, and the combination of several MS-FESS will be considered to improve the energy storage.
Moreover, other control methods would be designed for the MS-FESS to improve the overall system

performance.
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