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Abstract:A satellite power system requires solar panels to provide energy and orientation. There are two regions in the

orbital path of the satellite: the dark and bright region. The energy is provided by solar panels in the bright region and

by flywheel energy storage system (FESS) in the dark region. Brushless DC (BLDC) motors are widely used in the FESS

due to their low weight, high power density, high efficiency, high reliability, and high speed. Some mechanical resonances

may occur due to physical features of the mechanical parts. Therefore, the current of the BLDC is dramatically increased

because of the mechanical resonance. In this work, a current reference method was used to protect the power systems

of the satellite from the current spikes of the solar power system. The parameters of the PI controller were calculated

by using genetic algorithms. A FESS was designed and experimentally performed for high speed operation at about 20

krpm in the vacuumed environment.
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1. Introduction

There have been many works related to energy extraction from flywheels in the last two decades. The flywheel

energy storage system (FESS) has been used for power smoothing in the grid, transport/hybrid vehicles, and

UPS applications [1–10]. In particular, satellite power systems use the FESS, as presented in [11,12].

Satellites stay in the bright region for about an hour and in the dark region for about half an hour during

their routine orbit. The required energy is provided by a mechanical energy storage unit or electro-chemical

batteries when operating in the dark region. In the bright region, the mechanical energy is stored in the FESS,

and then the stored energy is used in the dark region.

The FESS consists of a high speed brushless DC (BLDC) motor, a variable frequency motor drive,

a flywheel, a coupling between motor and flywheel, a high speed bearing with low friction, and a vacuum

chamber.

BLDC motors are widely used in industrial applications such as automotive technology, appliances,

medical, industrial automation equipment, and aerospace application. In aero applications, BLDC motors are

used owing to their low weight, high power density, high efficiency, and high reliability [13–15]. High speed

BLDC motors are usually used in the FESS. The high speed BLDC motor is used in the FESS with charge

mode (bright region) and discharge mode (dark region).

The motor current is increased and reaches maximum motor current when the mechanical resonance
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occurs in the conventional speed control system. The current control of the BLDC motor is an important

problem in the charge mode because undesirable current spikes occur in mechanical resonances. The undesirable

current spikes cause the high price of solar panels [16]. Therefore, the current reference method (CRM) is used

to reduce the cost of solar panels and the volume of the system. In addition, the power system of the satellite is

protected from current spikes by using the CRM. Thus, the changing load of the BLDC motor does not affect

the current of the power system. If the power demand rises owing to an increase in BLDC motor current,

the solar panel will increase in size and cost. Therefore, the CRM has been used to eliminate the effect of

disturbances. The current reference is generated in order to reach the determined speed of the flywheel in the

CRM.

Calculation of system losses is used to produce current reference. The speed of the motor is changed

when the disruptive impact occurs. However, the motor current does not change in this case. The value of

reference current is determined according to the desired system speed value.

The current controller is obtained by using a traditional PI controller structure because of its simple

structure, easy design, and low cost [17]. In this work, the parameters of the PI controller have been determined

by genetic algorithm (GA). The high speed BLDC motor has a low winding inductance due to its winging

layout and structure. Therefore, a filter must be used between motor and inverter to reduce the current ripples

and total harmonic distortion (THD). PI parameters can be determined by using an extended transfer function

that consists of a PI controller, filters, BLDC, inverter, and current sensor. The values of Proportional (P) and

Integral (I) are calculated by GA, a type of stochastic algorithm based on the principles of natural selection

and genetics. These robust GAs have been successfully applied to problems in a variety of fields of study, and

their popularity continues to increase due to their effectiveness, their applicability, and their ease of use [18].

In this paper, a FESS has been designed with a high speed BLDC motor and a flywheel operated in a

vacuumed environment. The system performances were experimentally presented via current spike and speed

in the resonance region. The DC current and speed were measured from zero speed to maximum speed. The

flywheel speed reached the desired speed at the determined time by using only the P controller. The harmonic

spectrum of motor current was shown in the steady state speed. The current spikes were eliminated as expected

in the resonance region by the proposed current.

2. Modeling of the FESS

A BLDC motor has three-phase stator windings and permanent magnets on the rotor. The rotor position is

determined with Hall-effect sensors at each 60◦ . The position information of sensors is required for electronic

commutation, which is performed by a voltage source inverter. The two different phase windings are energized

at each 60◦ by using the information of the rotor position [19].

The block diagram of the current controlled FESS is shown in Figure 1. The FESS consists of solar

panels, an inverter, LC filter, BLDC motor, flywheel, and sensors.

2.1. Modeling of the BLDC motor

The mathematical model of the BLDC motor is given in Eqs. (1) to (5). Current reference of the BLDC motor

is defined by Eqs. (6) and (7). Va

Vb

Vc

 =

 R 0 0
0 R 0
0 0 R

 Ia
Ib
Ic

+

 L 0 0
0 L 0
0 0 L

 d

dt

 Ia
Ib
Ic

+

 ea
eb
ec

 , (1)
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Figure 1. CRM and flywheel energy storage system.

where R is the phase resistance; L is the phase inductance; ea ,eb , andec are the phase back EMFs; and

Ia ,Ib , andIc are the phase currents of the BLDC motor.

The two-phase conduction mode is preferred in the BLDC motor drive because of simple switching.

V = isRs + Ls
dis
dt

+ Ez (2)

Ez = Keωm (3)

Tm = TL + J
dωm

dt
+Bω (4)

Tm = Ktis (5)

Tmechωm = isEz = Pmech (6)

iref =
Pacc + Pfr + Pwnd

Ez
, (7)

where V is the armature voltage, is is the armature current, Rs is the armature resistance, Ls is the armature

inductance, Ez is the back EMF voltage, Ke is the back EMF constant, Kt is the torque constant, Tm is the

torque developed by the motor, Tmech is the torque mechanic by developed the motor, ωm is the angular speed,

J is the moment inertia of motor and flywheel load, B is the frictional constant of motor and load, Pmech is

the power mechanic of motor, Pacc is the power acceleration, Pfr is the power friction of motor and load, and

Pwind is the power winding of load.

Eqs. (2) to (6) are determined from the two-phase conduction mode. The current reference is obtained

by Eq. (7). The transfer function of the BLDC motor is obtained by Eqs. (8) and (9).

V (s) = is(s)Rs + sLsis(s) +Keωm(s) (8)

Ktis(s) = TL + Jsωm(s) +Bωm(s) (9)

The transfer function of the BLDC motor is shown in Eq. (10) for current control.

is(s)

V (s)
=

Js+B

LsJs2 + (RsJ + LsB)s+RsB +KeKt
(10)
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2.2. Modeling of the inverter, current sensor, flywheel, and LC filter

The inverter and current sensor are defined by a simple transfer function involving occurred gain and time

constant. The time constant is associated with switching frequency of the inverter. The gains are determined as

conversion rate. The conversion rate depends on the structure of the inverter and current sensor. The transfer

functions of the inverter and the current sensor are given by Eqs. (11) and (12), respectively.

Tc(s) =
Kc

Tcs+ 1
(11)

Ta(s) =
Ka

Tas+ 1
, (12)

where Tc is the inverter time constant, Kc is the inverter gain, Ta is the current sensor time constant, and Ka

is the current sensor gain. Power losses of the system must be calculated for the current reference produced.

These losses occurred by friction of air and bearing. The calculation of air friction loss is given in Eqs. (13)

to (16). The flywheel is placed into a housing vacuumed for reducing air friction. The shape of the flywheel is

shown in Figure 2 [20].

d

ro

d
ri

Figure 2. Shape of flywheel.

Pwnd = kf ×Mdisc × ωm (13)

Cf =
3.7×

(
d
ro

)0.1

√
Re

(14)

Mdisc =

[(
Cf × ρa × ω3

m

) (
r5o − r5i

)]
2

(15)

Re =
ρa × ω2

m × r2o
µ

, (16)

where kf is the smoothness coefficient, Re is the Reynolds coefficient, ρa is the air density, and ri and ro are

the inner and outer radius of flywheel, respectively. µµ is the dynamic viscosity of air.

In this application, a high speed hybrid bearing with low viscosity grease oil has been used for high speed

operation. Calculation of the friction losses of the bearing are given in Eqs. (17) to (22).

Pfr = (M0 +M1)ωm (17)
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M0 = f0 × (v × n)
2
3 × d3m × 10−10 (18)

M1 = f1 × P1 × dm (19)

P1 = ωm (Fr + Fb) (20)

Fr = m× g (21)

Fb = mr × e× ω2
m (22)

Pacc = J × ωm × ∆ωm

∆t
= J × ωm × ω2 − ω1

t2 − t1
, (23)

where f0 and f1 are coefficients of bearing, n is bearing speed, v is the kinematic viscous friction of bearing

grease, m is the weight of flywheel, mr is the residual mass, e is the eccentricity between the rotational axis of

the flywheel and the mass center, and dm is the average diameter of bearing. The current ripple is too high due

to low motor inductance. High switching frequency is required because of the high fundamental frequency, 500

Hz/1 kHz. dv/dt stresses are seen on the motor winding because of high switching frequency. These voltage

stresses must be reduced by using an LC filter [21]. The transfer function of the LC filter is given in Eq. (24)

and the structure of the LC filter is shown in Figure 3.

Rf Lf

Cf
Vi(s) Vo(s)

R1

Figure 3. LC filter is one phase of the BLDC motor.

Vo

Vi
=

sCfR1 + 1

s2CfLf + s(CfRf + CfR1) + 1
, (24)

where Lf is the filter inductance, Rf is the resistance of filter inductance, Cf is the filter capacitance, and R1

is the damping resistance of the LC filter. It is typically recommended that the LC filter resonance frequency

should be chosen three times lower that the power converter switching frequency. The corner frequency of the

LC filter is selected as 15.93 kHz, which is shown in Eq. (25). The switching frequency of the inverter is taken

as 53.6 kHz. The electrical frequency of the system is 332 Hz (20 krpm).

fc =
1

2π
√
LfCf

(25)

The block diagram of the entire system is illustrated in Figure 4. The system consists of a PI controller, a filter,

an inverter, a BLDC motor, and a current sensor. Thus, the complex transfer function is obtained by using
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the block diagram. The system parameters are given in [16,22–24]. PID is adjusted to minimize the magnitude

of error, steady state error of system, and transient response of the system. The transfer function of the PID

controller is shown in Eq. (26).
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Figure 4. Block diagram of the FESS system.

PID(s) =
s2kd + skp + ki

s
(26)

The closed-loop transfer function is controlled by a PI controller as shown in Figure 5. One of the methods of

PID parameters tuning is the Ziegler–Nichols (Z-N) method. In the Z-N method of closed-loop, Kp is set and

the system is brought to the point of oscillation [25]. While the system is at the oscillation point, ultimate gain

Ku and ultimate period Tu are obtained. GA is an effective and efficient optimization technique using solutions

of complicated problems based on evaluation of natural selection. GAs include three major operators: selection,

crossover, and mutation, in addition to control parameters: population size, selection pressure, crossover, and

mutation rate.
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Figure 5. Block diagram of the FESS system for current control.

The pattern search method is a kind of direct search algorithm. Direct search methods are an important

class of optimization algorithms that attempt to minimize a function by comparing its value in a finite set of

trial points (computed by simple mechanisms). The pattern search (PS) optimization routine is an evolutionary

technique that is suitable to solve a variety of optimization problems that lie outside the scope of the standard

optimization methods. A historic discussion of direct search methods for unconstrained optimization is presented

in reference [26]. The hybrid function is an important optimization function that solves complex problems to

minimize the value of the fitness function. In this work, PID parameters have been obtained by GA/PS hybrid

function.
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Figure 6. The unit step response of system with error criterion by using GA/PS and Ziegler–Nichols method.

Some error criteria are used in optimal calculation of the PID. These error criteria are integral of absolute

error (IAE), mean squared error (MSE), integral of squared error (ISE), integral of time multiplied by absolute

error (ITAE), and integral of time multiplied by squared error (ITSE). They have been applied in the system

as unit step response of the system as shown in Figure 6. The integral absolute error criterion has obtained the

optimal result according to the other error criteria. According to this result, the system performance values

and kp , k i , kd are given in the Table. The controller type has been selected as PID controller to determine the

1203
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parameters. However, the parameter of the derivative kd is calculated from the GA optimization as zero. In

addition, the Z-N method calculated the derivative kd as almost zero. The parameters of the PI controller are

calculated by using GA (GA parameters: K = 0.001, kp = 0.088, k i = 748.297, kd = 0, and Z-N parameters:

kp = 0.08355, k i = 1422.23, kd = 3.27 × 10−6)

Table. The system performance values.

Rise time (s) Peak time (s) Settling time (s) Overshoot (%)
GA/PS-IAE 1.6 × 10−4 9.3 × 10−4 9.3 × 10−4 0
Z-N 9.8 × 10−5 1.8 × 10−4 9.1 × 10−4 11.9

Kp Ki Kd
GA/PS-IAE 0.088 748.297 0
Z-N 0.08355 1422.23 3.27 × 10−6

3. Experimental results

The steady-state of speed value must reach the reference speed in about an hour in the bright region for satellite

application. In this time zone, current spikes occur in the mechanical resonances and some of the distortions in

the conventional direct speed control system. The elimination of the current spikes is the first aim of this work

and is important for space applications.

The reaching of desired flywheel speed is the second aim of this work. The flywheel must reach the

desired speed by using current reference. If the reference speed cannot be achieved, it may not have generated

enough energy in the dark region. Current reference of the motor is generated by the continually increasing

speed reference and back EMF. The direct speed controller was not used in the system. The reference power of

motor acceleration is made zero when flywheel speed reaches the determined speed. The power of the BLDC

motor exclusively provides losses at the maximum speed. The algorithm of the current reference is shown in

Figure 7. In this algorithm, Pacc is determined depending on motor reference speed as shown in Eq. (27) and

motor speed is measured to generate current error depending on the magnitude of the mechanical resonance.

The amplitude of current error is calculated by Eq. (28). BLDC motor current is obtained by using motor phase

current and it is given in Eq. (29). The experimental setup of the FESS is illustrated in Figure 8 with details

of the flywheel. (1) The high speed BLDC “Maxon EC25”, (2) Motor drive “ESCON 70/10”, (3) Coupling

between motor and flywheel “R+W MKS45”, (4) High speed bearing “Aerospace Hybrid FAG bearing”, (5)

flywheel “T 601-Steel”, (6) vacuum chamber “≈0bar”, (7) vacuumed flywheel chase, (8) vacuum pump, (9)

pressure measurement, (10) external microcontroller, (11) current clamp, (12) digital scope, (13) power supply,

and (14) PC.

The phase current of the BLDC motor was measured by ESCON 70/10 driver. The sensitivity of the

measurement depends on the analogue input of the external microcontroller mentioned in the paper. The

current information is sent from the motor drive by using analogue output with 12-bit resolution (0–4 V). The

motor current is approximately equal to the DC supply current and this supply current is shown in Figure 9.

The motor parameters used have been obtained from the Maxon datasheet.

Pacc =

 nref = nm, Pacc = 0
nref > nm, Pacc = −Pacc

nref < nm, Pacc = Pacc

 (27)
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Figure 8. Photograph of the FESS with experimental setup.

e(t) = [(ωref − ωm)×K] + iref − is (28)

Is =
Ia + Ib + Ic

2
(29)
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Figure 9. Conventional current control method: a) Reference and system speed, b) BLDC motor current.

Current reference is obtained by Eq. (7) andPwnd ,Pfr , andPacc are shown Eqs. (13), (17), and (23),

respectively. The parameters of the equations are obtained by bearing data and environment value. Only the

value of (mr ×e)has been found experimentally. It was taken as 710 in Figure 9. Motor speed and commutation

time were measured by using Hall-effect sensors.

The current reference has two parts: losses and acceleration. The first part is calculated by the system

losses, which have bearing losses and winding losses. The second part is calculated by multiplication of the

inertia torque and acceleration of speed. The current reference is generated via an external microcontroller

(TMS320F28069) connected to a Maxon motor drive device.

The first experimental work was implemented to show the mechanical resonance problem as given in

Figure 9. In the first work, a conventional current controller was used to control the system speed. The

reference speed and flywheel speed are illustrated in Figure 9a. The mechanical resonance has been started in

700 s and finished in 1500 s. The mechanical resonance has not been overcome by the conventional current

control method and the speed control has not been achieved by using this method as shown in Figure 9a.

Moreover, the motor current has increased depending on the reference speed in the mechanical resonance region

as given in Figure 9b.

This traditional control method is not suitable for mechanical systems that have mechanical resonances

in the operating regions. The proposed control method is a good solution to overcome mechanical resonances

and to perform the speed control of the system. Therefore, an effective current reference control method has

been used for the FESS.

The same conditions and same speed reference were used to show the performance of the proposed

controller as given in Figure 10. The motor current is approximately equal to the DC supply current and this

supply current is shown in Figure 10. The value of (mr × e)was taken as 665 in Figure 10. The mechanical

resonance occurred approximately at the same point and the resonance has been overcome in a short time

for the CRM. The flywheel speed has been controlled by the overlapped reference speed as shown in Figure

10a. The indirect speed control (only proportional gain) has been achieved by using the proposed controller for

20,000 rpm reference speed.

The motor current has been increased proportionally throughout the mechanical resonance period as

given in Figure 10b. The increasing of the current value does not damage the satellite power system due to the

fact that the current waveform has no current spike effect. Thus, di/dt current stresses do not occur on the

switches.

The other experimental result was given to show harmonic contents of the motor current at the steady-

state operation region, which is illustrated in Figure 11, to compare GA/PS and Z-N. The motor current was
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Figure 10. Proposed current control method: a) Reference and system speed, b) BLDC motor current.

measured at the 20,000 rpm speeds, which are shown in Figures 11a and 11b for GA/PS and Z-N controllers,

respectively. The current THD are calculated about 25% for GA/PS and about 28% for Z-N, which are given

in Figures 11c and 11d, respectively. The 5th harmonic order is about 19% of fundamental harmonic as given

in detail in Figure 11c for GA/PS. However, the 5th harmonic order is about 21% of fundamental harmonic as

shown in Figure 11d for Z-N.

4. Conclusions

A FESS was designed and used for some different experiments in this paper. The FESS was implemented using

a high speed BLDC and a flywheel operated at 20 krpm in the vacuumed environment.

The PI parameters are determined by GA to obtain optimum performance for current control. Therefore,

a transfer function is determined that consists of a PI controller, filters, BLDC, inverter, and current sensor.

Some mechanical resonances have occurred due to physical features of the mechanical parts of the FESS.

Therefore, the speed of the flywheel cannot reach the reference speed because of the mechanical resonance by

the traditional control method. Therefore, an effective current reference method has been proposed to overcome

Figure 11. Steady-state at 20,000 rpm: a) A phase current of motor for GA/PS, b) A phase current of motor for Z-N,

c) Harmonic spectrum of motor current for GA/PS, c) Harmonic spectrum of motor current for Z-N.
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Figure 11. Continued.
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mechanical resonances via adequate increasing of current in a short time. In this work, a current reference

method (CRM) was used to protect the power systems of the satellite from the current spikes of the power

system.

Thus, the satellite power system is not damaged by the increasing of current without spikes. The current

spike has not occurred in the mechanical resonance and speed control has been satisfactorily achieved at that

time.
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Appendix

Motor Parameters:

V = 36 V; n = 62,200 rpm; Tm = 35.1 mNm; Ra = 0.122 Ω; La = 0.014 mH; K t = 5.36 mNm/A; Ke

= 1780 rpm/V; J = 5.45 g cm2 ; B = 0 Nms/rad.

FESS Parameters;

J = 0.0018844 kg m2 ; kf = 1; ρadm = 18 mm; v = 18 mm2 /s; f0 = 1.1; f1 = 0.00037; m = 0.67 kg; g

= 9.8 m/s2 ; mr× e = 665 g mm; ro = 0.075 m; d = 0.05 m; Lf = 100 × 10−6 H; Rf = 0.022 Ω; Cf = 1 ×
10−6 F; Kc = 3.6 V/V; Tc = 5.36 × 10−5 s; Ka = 1 V/A; Ta = 5.36 × 10−6 s, R1 = 1.8 Ω.
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