
 

 

Abstract— This paper details the modeling and development of 

an improved controller design for a DC Flywheel Energy Storage 

System (FESS) driving circuit. The Driving system is based on a 

Bi-directional Buck-Boost converter. The modeling of this 

converter including the parasitic resistances for all the 

components was carried out. In this model, the equivalent circuit 

of the machine was integrated in the converter state space model 

for improved accuracy and controllability. The system has two 

operating modes; when the FESS is charging, the converter 

operates in the buck mode. A controller was designed to regulate 

the charging rate through controlling the machine’s terminal 

voltage. In the discharging mode, the converter operates in the 

boost mode. A current controller takes over to control the injected 

current from the machine to the DC bus. The detailed design of 

both control loops was identified. Simulation results show the 

accuracy of the derived model and the enhanced performance of 

the FESS. Further, it is shown that the reversal of power flow 

direction was performed seamlessly. A hardware prototype of the 

converter was implemented and the effectiveness of the developed 

system was experimentally verified. The experimental results are 

in excellent agreement with the simulation.  

Index Terms—DC-DC converters, flywheel, pulsed load, 

shipboard power system. 

I. INTRODUCTION 

RIVEN by the latest developments in different 

engineering realms, such as superconducting bearings, 

frictionless, vacuum encased machinery and power electronic 

switching, flywheels gained much interest as a reliable energy 

storage element. Flywheel energy Storage System (FESS) or 

sometimes known as electromechanical batteries [1] have been 

used lately in several applications such as data centers [2], 

aerospace [3]-[4], shipboard power systems [5]-[6], UPS [7], 

electrification of rural areas [8], fast charging of electric 

vehicles [9] and improving renewable energy integration [10]. 

Flywheel Energy Storage Systems (FESS) operates in three 

operating modes: charge, stand-by and discharge. Since 

flywheels are classified as short term energy storage [11]- [12],  

the transition among these three modes should be performed 

rapidly, unlike other types of energy storage elements. In order 

for this process to be done seamlessly, a fast acting, flexible and 

reliable driving system is required. Moreover, the control loop 

should be designed accurately to avoid either slow action, high 

overshoot or steady state errors.  

Generally, flywheels can be classified according to their 

speed into low speed and high speed. High speed systems 

feature much lower weight and smaller size. However, they 

entail sophisticated technologies to reduce friction and their 

power output is limited by cost and difficulty of cooling [13]. 

A variety of machines have been discussed in the literature for 

use in low speed flywheel applications including induction 

machines (IM) [14]-[16], [9], and Doubly Fed Induction 

Machines (DFIM) [13], [17]-[21]. In [22], the control and 

performance of a large DFIM based flywheel was investigated. 

In this system, the stator was connected to the grid through a 

step up transformer while the machine secondary (rotor) was 

connected to a cycloconverter via slip rings. Thus, the existence 

of slip rings is acceptable in low speed flywheels while it is not 

in high speed ones. Consequently, brushless DC [23], 

homopolar inductor [24], Permanent Magnet Synchronous 

Machine (PMSM) [25]-[26], Axial Flux Permanent Magnet 

(AFPM) [27] and synchronous reluctance machines [28] are 

preferred in high speed flywheels.  

Different DC-DC converters topologies are utilized in the 

control of low speed flywheel driving systems. However, these 

converters are utilized as a secondary intermediate stage not as 

the primary driver. In [29], a boost DC-DC converter with a 

parallel bypassing switch is used for FESS in UPS applications. 

The boost converter is operated in the flywheel discharging 

mode to increase the operating voltage range while it is 

bypassed during the charging mode since it (the boost 

converter) is uni-directional. A Dual Active Bridge (DAB) DC-

DC converter is utilized to interface a low speed FESS to an 

HVDC link [30]. This system is used to smooth the output 

power profile from a wind farm. Hedlund et al proposed a 

sliding mode 4 quadrant DC-DC converter to be utilized in 

controlling the power flow to a flywheel power buffer in an all-

electric EV driveline [31]. 

This paper addresses the control and performance of DC 

machine based flywheels in DC distribution networks. DC 

machines feature a rugged construction and reliable operation. 

Further, they can be interfaced to the DC distribution network 

through DC-DC converters which are simpler and more 

efficient than their AC/DC counterparts.  The detailed modeling 

of a DC-DC converter based driving system for a FESS 

including the parasitic resistances for all elements was carried 

out. In this paper, the authors integrate the machine model with 

the converter model. Then a combined state space model was 

obtained for the entire system for each mode of operation. In 

order to validate the derived model, it is compared to another 

model estimated using the MATLAB/Simulink environment. 
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Two control loops were designed independently for each mode 

of operation. Improved voltage/current controllers are 

introduced to achieve steady operation during the charging and 

discharging modes. 

The rest of the paper is organized as the follows; section II 

addresses the detailed modeling of the system, section III 

presents the controller design. Selection of FESS parameters is 

detailed in section IV. Simulation results are provided and 

discussed in section V. The hardware implementation with the 

experimental results are provided in section VI. Section VII 

gives the conclusions. 

II. SYSTEM MODELLING 

The flywheel driving system is based on a DC-DC bi-

directional buck-boost converter. Fig. 1 shows a schematic 

diagram for the system. As shown in the figure, the utilized 

topology features two IGBT switches; during each mode of 

operation, one switch is operated while the other one is 

disabled. Given that the DC bus voltage is higher than the 

machine terminal voltage over the entire operation range, the 

converter acts as a buck converter in the charging mode while 

acts as a boost during discharging. Each mode was modeled 

separately with its two switching states then an averaged 

state space model was obtained [32].  

A. Discharging state (Boost mode): 

In the boost mode, the source will be the machine i.e. the 

machine will be operated as a generator. The capacity of DC 

network is much larger than the FESS and the voltage of the DC 

bus is controlled through a large stable source (e.g. large VSC 

or DC generator). Thus, the DC network can be represented by 

a DC voltage source with a small resistance. This small 

impedance in the converter’s output can lead to an impedance 

mismatch and consequently this mismatch can cause instability 

of the whole system due to the violation of Nyquist stability 

criterion [33]. In the boost mode, the control system controls 

the boost IGBT with a duty cycle (D) based on a reference 

current sent from the main distribution network controller while 

it disables the buck IGBT.  

1) ON state 

When the IGBT is in its ON state, the converter equivalent 

circuit tends to be as shown in Fig. 2(a). In order to obtain the 

most accurate model, a model of the DC machine represented 

by R-L-E branch is added to the converter model. The state 

variables are the inductor current iL, the machine current im, the 

input capacitor voltage vcin and the output capacitor voltage 

vcout.  By applying KVL and KCL, the dynamic equations of the 

system are derived as the following: 

𝑑𝑖𝐿(𝑡)

𝑑𝑡
=

𝑉𝐼𝑛(𝑡)−𝑖𝐿(𝑡).𝑟𝐿

𝐿
  (1) 

 

Where Vin is the input voltage, iL, rL and L is the inductor 

current, resistance and inductance, respectively. Then by 

applying KCL at the input node (𝑖𝑐𝑖𝑛(𝑡) = 𝑖𝑚(𝑡) − 𝑖𝐿(𝑡)) to 

find Vin as a function of the state variables. 

Where rcin is the input capacitor resistance. By substituting 

by (2) into (1) yields: 

𝑑𝑖𝐿(𝑡)

𝑑𝑡
= −

1

𝐿
. [𝑟𝑐𝑖𝑛 + 𝑟𝐿]. 𝑖𝐿(𝑡) +

𝑟𝑐𝑖𝑛

𝐿
𝑖𝑚(𝑡) +

1

𝐿
. 𝑉𝑐𝑖𝑛(𝑡) (3) 

The derivative of the machine current im can be evaluated as: 

𝐿𝑚
𝑑𝑖𝑚(𝑡)

𝑑𝑡
= 𝐸 − 𝑉𝐼𝑛(𝑡) − 𝑟𝑚 . 𝑖𝑚(𝑡)  (4) 

Where Lm and rm are the machine equivalent inductance and 

resistance, respectively. Similarly, by substituting from (2) into 

(4) and rearranging equation terms yields: 

 
𝑑𝑖𝑚(𝑡)

𝑑𝑡
=

𝑟𝑐𝑖𝑛

𝐿𝑚
. 𝑖𝐿(𝑡) −

1

𝐿𝑚
. (𝑟𝑐𝑖𝑛 + 𝑟𝑚). 𝑖𝑚(𝑡) −   

1

𝐿𝑚
𝑉𝑐𝑖𝑛(𝑡) +

1

𝐿𝑚
𝐸  

(5) 

The derivative of the input capacitor voltage can be 

expressed as: 

𝑑𝑣𝑐𝑖𝑛(𝑡)

𝑑𝑡
= −

1

𝐶𝑖𝑛
. 𝑖𝐿(𝑡) +

1

𝐶𝑖𝑛
. 𝑖𝑚(𝑡)  (6) 

 

Where the capacitance of the input capacitor is Cin. In order 

to get Vout   as a function of the state variables, apply KCL at 

Vout node: 

𝑉𝑜𝑢𝑡= 𝑉𝑐𝑜𝑢𝑡 .
𝑟𝑠

(𝑟𝑠+𝑟𝑐𝑜𝑢𝑡)
+ 𝑉𝑠 .

𝑟𝑐𝑜𝑢𝑡

(𝑟𝑠+𝑟𝑐𝑜𝑢𝑡)
 (7) 

 

Where Vs, rs are the voltage and equivalent resistance of the 

voltage source representing the DC bus, rcout is the resistance of 

the output capacitor. The derivative of the output capacitor 

voltage can be given by: 

𝑉𝐼𝑛(𝑡) = 𝑣𝑐𝑖𝑛(𝑡) + 𝑖𝑚(𝑡). 𝑟𝑐𝑖𝑛 − 𝑖𝐿(𝑡). 𝑟𝑐𝑖𝑛  (2) 
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Fig.2. Equivalent circuit for the converter in boost mode during (a) ON state 

(b) OFF state. 
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Fig. 1. Schematic diagram for flywheel driving system. 

 



 

𝑑𝑣𝑐𝑜𝑢𝑡(𝑡)

𝑑𝑡
 = −

1

𝐶𝑜𝑢𝑡.  (𝑟𝑠+𝑟𝑐𝑜𝑢𝑡)
. 𝑉𝑐𝑜𝑢𝑡 +

1

𝐶𝑜𝑢𝑡.  (𝑟𝑠+𝑟𝑐𝑜𝑢𝑡)
. 𝑉𝑠 (8) 

 

Where Cout is the capacitance of the output capacitor. By 

using (3), (5), (6) and (8) to formulate the state space model as 

in (9) and writing it in the matrix form, results in (10) in the 

bottom of the next page. It should be noted here that the output 

equation is not used because the controlled variables are state 

variables [34]. 

𝑑𝑥(𝑡)

𝑑𝑡
= 𝐴𝑜𝑛𝑥(𝑡) + 𝐵𝑜𝑛 . 𝑢(𝑡) 

 

(9) 

2) OFF state 

Fig. 2(b) shows the equivalent circuit of the converter during 

the off state. In this case the anti-parallel diode with the buck 

IGBT will be forward biased. In this case the derivative of the 

inductor current can be calculated as the following: 

𝑑𝑖𝐿(𝑡)

𝑑𝑡
=

𝑉𝐼𝑛(𝑡)−𝑖𝐿(𝑡).𝑟𝐿−𝑉𝑜𝑢𝑡(𝑡)−𝑉𝐷

𝐿
  (11) 

By applying KCL to the output node to express Vout as a 

function of state variables, yields (12):  

𝑉𝑜𝑢𝑡= 𝑖𝐿 .
(𝑟𝑠 .  𝑟𝑐𝑜𝑢𝑡 )

(𝑟𝑠+𝑟𝑐𝑜𝑢𝑡)
+ 𝑉𝑐𝑜𝑢𝑡 .

𝑟𝑠

(𝑟𝑠+𝑟𝑐𝑜𝑢𝑡)
+ 𝑉𝑠 .

𝑟𝑐𝑜𝑢𝑡

(𝑟𝑠+𝑟𝑐𝑜𝑢𝑡)
 (12) 

By substituting from (2) and (12) into (11), the derivative of 

the inductor current can be re-written as in (13). 

𝑑𝑖𝐿

𝑑𝑡
= −

1

𝐿
. [𝑟𝑐𝑖𝑛 + 𝑟𝐿 + 

(𝑟𝑠 .  𝑟𝑐𝑜𝑢𝑡 )

(𝑟𝑠+𝑟𝑐𝑜𝑢𝑡)
] . 𝑖𝐿 +

𝑟𝑐𝑖𝑛

𝐿
𝑖𝑚 +

       
1

𝐿
. 𝑉𝑐𝑖𝑛 −

𝑟𝑠

𝐿.(𝑟𝑠+𝑟𝑐𝑜𝑢𝑡)
. 𝑉𝑐𝑜𝑢𝑡 −

𝑟𝑐𝑜𝑢𝑡

𝐿.(𝑟𝑠+𝑟𝑐𝑜𝑢𝑡)
. 𝑉𝑠 

(13) 

Using a similar approach, the state space model for the 

converter in the OFF state can be written as shown in (14) 

shown at the bottom of this page. An averaged state space 

model is obtained by multiplying each state by its 

corresponding duty cycle. 

𝐴 = 𝐴𝑜𝑛 . 𝐷 + 𝐴𝑜𝑓𝑓 . (1 − 𝐷) (15) 

𝐵 = 𝐵𝑜𝑛 . 𝐷 + 𝐵𝑜𝑓𝑓 . (1 − 𝐷) (16) 

After averaging, the system is perturbed around a steady state 

operation point, then linearized by neglecting second order 

terms. By applying Laplace transformation, the steady-state 

operating point can be obtained by (17). 

𝑋 = −𝐴−1. 𝐵. 𝑈 (17) 

Given that U is the input vector, the solutions of the state 

variables are given by (18), then the transfer function of the duty 

cycle to each state variable can be obtained. In this case, the 

control loop of the boost converter mode will be controlling the 

injected current to the DC bus to fulfill the pulsed load required 

energy. Therefore, the important transfer function is the duty 

cycle-inductor current. This transfer function will be used for 

the accurate design and tuning of the PI controller. 

𝑥̂ = (𝑆𝐼 − 𝐴)−1. [(𝐴𝑜𝑛 − 𝐴𝑜𝑓𝑓). 𝑋 − (𝐵𝑜𝑛 − 𝐵𝑜𝑓𝑓). 𝑈]. 𝑑̂  (18) 

B. Charging state (Buck mode): 

The converter will be operated in this mode during off the 

pulse (the pulsed load is not energized), so there’s excess 

energy in the system to charge the flywheel. The power flow 

direction will be reversed to be from the DC network to the 

FESS. In this mode, the DC machine is working as a motor, in 

contrast to the boost mode where the machine was working as 

𝑑

𝑑𝑡
[

𝑖𝐿(𝑡)
𝑖𝑚(𝑡)

𝑣𝑐𝑖𝑛(𝑡)
𝑣𝑐𝑜𝑢𝑡(𝑡)

] =

[
 
 
 
 
 
 −

1

𝐿
. [𝑟𝑐𝑖𝑛 + 𝑟𝐿]

𝑟𝑐𝑖𝑛

𝐿

1

𝐿
0

𝑟𝑐𝑖𝑛

𝐿𝑚
−

1

𝐿𝑚
. (𝑟𝑐𝑖𝑛 + 𝑟𝑚) −

1

𝐿𝑚
0

−
1

𝐶𝑖𝑛

1

𝐶𝑖𝑛
0 0

0 0 0 −
1

𝐶𝑜𝑢𝑡.  (𝑟𝑠+𝑟𝑐𝑜𝑢𝑡)]
 
 
 
 
 
 

. [

𝑖𝐿(𝑡)
𝑖𝑚(𝑡)

𝑣𝑐𝑖𝑛(𝑡)
𝑣𝑐𝑜𝑢𝑡(𝑡)

] +

[
 
 
 
 

0 0 0

0
1

𝐿𝑚
0

0 0 0
1

𝐶𝑜𝑢𝑡.  (𝑟𝑠+𝑟𝑐𝑜𝑢𝑡)
0 0]

 
 
 
 

. [
𝑉𝑠
𝐸
𝑉𝐷

]           (10) 

 

𝑑

𝑑𝑡
[

𝑖𝐿(𝑡)
𝑖𝑚(𝑡)
𝑣𝑐𝑖𝑛(𝑡)

𝑣𝑐𝑜𝑢𝑡(𝑡)

] =

[
 
 
 
 
 
 −

1

𝐿
. [𝑟𝑐𝑖𝑛 + 𝑟𝐿 + 

(𝑟𝑠 .  𝑟𝑐𝑜𝑢𝑡 )

(𝑟𝑠+𝑟𝑐𝑜𝑢𝑡)
]

𝑟𝑐𝑖𝑛

𝐿

1

𝐿
−

𝑟𝑠

𝐿.(𝑟𝑠+𝑟𝑐𝑜𝑢𝑡)

𝑟𝑐𝑖𝑛

𝐿𝑚
−

1

𝐿𝑚
. (𝑟𝑐𝑖𝑛 + 𝑟𝑚) −

1

𝐿𝑚
0

−
1

𝐶𝑖𝑛

1

𝐶𝑖𝑛
0 0

𝑟𝑠 

𝐶𝑜𝑢𝑡.  (𝑟𝑠+𝑟𝑐𝑜𝑢𝑡)
0 0 −

1

𝐶𝑜𝑢𝑡.  (𝑟𝑠+𝑟𝑐𝑜𝑢𝑡)]
 
 
 
 
 
 

. [

𝑖𝐿(𝑡)
𝑖𝑚(𝑡)
𝑣𝑐𝑖𝑛(𝑡)

𝑣𝑐𝑜𝑢𝑡 (𝑡)

] +

[
 
 
 
 
 −

𝑟𝑐𝑜𝑢𝑡

𝐿.(𝑟𝑠+𝑟𝑐𝑜𝑢𝑡)
0 −

1

𝐿

0
1

𝐿𝑚
0

0 0 0
1

𝐶𝑜𝑢𝑡.  (𝑟𝑠+𝑟𝑐𝑜𝑢𝑡)
0 0 ]

 
 
 
 
 

. [
𝑉𝑠
𝐸
𝑉𝐷

] (14) 
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Fig.3. Equivalent circuit for the converter in buck mode during (a) ON state 

(b) OFF state. 



 

a generator. Figs. 3(a) and 3(b) show the converter equivalent 

circuits in both IGBT states. By using a similar procedure to the 

one used for the boost mode, the dynamic equations of the buck 

converter are determined during ON and OFF states and given 

in (19) and (20), respectively. For more clarity, both equations 

are listed in the bottom of the next page. 

The transfer functions of the duty cycle to each state variable 

are determined, however the controller in the buck mode will 

be controlling the machine terminal voltage to control the 

charging rate. Thus, the transfer function of the duty cycle to 

the output capacitor voltage is used to design the PI control loop 

for the buck mode. 

C. Model Validation 

Before proceeding to the controller design based on the 

obtained transfer functions, it is important to validate those 

functions. The frequency response of the determined converter 

model is plotted using Matlab and compared to an estimated 

transfer function using the approach introduced in [35]. This 

approach is based on building an accurate converter model in 

Matlab/Simulink environment. The duty cycle is then perturbed 

around a set point. For more details please refer to [35]. The 

calculations were carried out using machine and converter 

parameters listed in Tables I and II, respectively. The frequency 

responses for the determined (analytical) and estimated 

(simulation) transfer functions are shown in Fig. 4.  

III. CONTROLLER DESIGN  

Two PI control loops were designed, one for each operation 

mode. Switching between both controllers is performed through 

the main supervisory controller of the distribution network 

based on its needs. The main purpose is to utilize the available 

energy in the FESS to fill the energy gap caused by the pulsed 

load and prevent any voltage fluctuations. The controller of the 

buck mode is designed to control the charging rate through the 

control of the machine voltage. It is known that the DC machine 

can withdraw high current during the starting until the motor 

rotation can build up the counter emf. For this reason, a constant 

voltage reference can’t be used, rather, a soft starting approach 

was utilized. The controller generates an internal ramping up 

voltage reference. One should keep in mind that the duration of 

𝑑

𝑑𝑡
[

𝑖𝐿(𝑡)
𝑖𝑚(𝑡)
𝑣𝑐𝑖𝑛(𝑡)

𝑣𝑐𝑜𝑢𝑡(𝑡)

] =

[
 
 
 
 
 
 −

1

𝐿
. [

(𝑟𝑠.𝑟𝑐𝑖𝑛)

(𝑟𝑠+𝑟𝑐𝑖𝑛)
+ 𝑟𝑐𝑜𝑢𝑡 + 𝑟𝐿]

𝑟𝑐𝑜𝑢𝑡

𝐿

𝑟𝑠

𝐿.(𝑟𝑠+𝑟𝑐𝑖𝑛)
−

1

𝐿

𝑟𝑐𝑜𝑢𝑡

𝐿𝑚
−

1

𝐿𝑚
. (𝑟𝑐𝑜𝑢𝑡 + 𝑟𝑚) 0

1

𝐿𝑚

𝑟𝑠

𝐶𝑖𝑛.  (𝑟𝑠+𝑟𝑐𝑖𝑛)
0 −

1

𝐶𝑖𝑛.(𝑟𝑠+𝑟𝑐𝑖𝑛)
0

1

𝐶𝑜𝑢𝑡
− 

1

𝐶𝑜𝑢𝑡
0 0 ]

 
 
 
 
 
 

. [

𝑖𝐿(𝑡)
𝑖𝑚(𝑡)
𝑣𝑐𝑖𝑛(𝑡)

𝑣𝑐𝑜𝑢𝑡(𝑡)

] +

[
 
 
 
 

𝑟𝑐𝑖𝑛

𝐿.(𝑟𝑠+𝑟𝑐𝑖𝑛)
0 0

0 −
1

𝐿𝑚
0

−
1

𝐶𝑖𝑛 .(𝑟𝑠+𝑟𝑐𝑖𝑛)
0 0]

 
 
 
 

. [
𝑉𝑠
𝐸
𝑉𝐷

]  (19) 

 

𝑑

𝑑𝑡
[

𝑖𝐿(𝑡)

𝑖𝑚(𝑡)
𝑣𝑐𝑖𝑛(𝑡)

𝑣𝑐𝑜𝑢𝑡(𝑡)

] =

[
 
 
 
 
 
 −

1

𝐿
. [𝑟𝑐𝑜𝑢𝑡 + 𝑟𝐿]

𝑟𝑐𝑜𝑢𝑡

𝐿
0 −

1

𝐿
𝑟𝑐𝑜𝑢𝑡

𝐿𝑚
−

1

𝐿𝑚
. (𝑟𝑐𝑜𝑢𝑡 + 𝑟𝑚) 0

1

𝐿𝑚

0 0
1

𝐶𝑖𝑛.(𝑟𝑠+𝑟𝑐𝑖𝑛)
0

1

𝐶𝑜𝑢𝑡
− 

1

𝐶𝑜𝑢𝑡
0 0 ]

 
 
 
 
 
 

. [

𝑖𝐿(𝑡)

𝑖𝑚(𝑡)
𝑣𝑐𝑖𝑛(𝑡)

𝑣𝑐𝑜𝑢𝑡(𝑡)

] +

[
 
 
 
 0 0 −

1

𝐿

0 −
1

𝐿𝑚
0

1

𝐶𝑖𝑛.(𝑟𝑠+𝑟𝑐𝑖𝑛)
0 0 ]

 
 
 
 

. [
𝑉𝑠
𝐸
𝑉𝐷

] (20) 

 
TABLE I 

MACHINE PARAMETERS 

Arm. Voltage 100 V 

Arm. Current 19 A 

Field Voltage 100 V 

Field Current 0.6 A 

rm 0.44  Ω 

Lm 12.9 mH 

rf 207  Ω 

Lf 115 H 

Speed 1750 rpm 
 

 
TABLE II 

CONVERTER PARAMETERS 

DC Bus Voltage 325 

rs 0.01 Ω 

Cout 1200 µF 

rcout 0.008 Ω 

L 12.7mH 

rL 0.125 Ω 

Cin 1200 µF 

rcin 0.008 Ω 

VD 1.75 V 
 

 

 

 

 

Fig.4. Frequency response of the duty cycle to inductor current transfer 

function for the boost converter.  
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the pulsed load is unknown, consequently the State of Charge 

(SoC) of the FESS at the end of a given discharging cycle is 

unknown. Since, the SoC is directly dependent on the machine 

speed, the machine speed and voltage are not known at the end 

of the pulsed load period as well. To assure a stable operation 

over a wide range of pulses, it is mandatory that the controller 

picks the last voltage value before switching to the buck mode 

(charging). Then the controller generates the ramping voltage 

reference starting from this value and ending at the full speed 

of the machine (full SoC). This approach allows the utilization 

of a very wide speed range of the machine which can be an 

advantage over the DFIMs. Since the operation speed range of 

the DFIM is limited by the allowed slip which is typically 

within ±15% [22] to ±30% [13].  

A block diagram showing the controller design is given in 

Fig. 5. There are two independent Proportional Integral loops 

for the buck/boost modes controlling the charging and 

discharging of the flywheel, respectively. The transfer function 

for the buck mode controller is Cbuck and Cboost for the boost 

mode controller. The gains of the two PI controllers are listed 

in Table III. It should be emphasized here that when the FESS 

is operating in a certain mode, the other IGBT should be turned 

off. For example, if the machine is charging, the buck mode 

controller is activated and the buck IGBT is working (please 

refer to Fig.1). Hence, the boost IGBT should be kept off and 

vice versa. A simple interlocking logic circuit is provided for 

this function. Moreover, this design is prepared to be suitable 

for hardware and practical implementation. An input is 

provided to disable the converter and turn off both switches in 

case of an emergency or fault. One of the merits of this 

controller is its simplicity with avoiding heavy computations 

so it can be easily implemented on any microcontroller or 

FPGA chip.  

As mentioned previously, the converter in boost mode 

works in current control to control the injected current into 

the DC bus. The reference current (𝐼𝑟𝑒𝑓) is calculated and 

passed from an outer control loop which is typically resolved 

by a slower controller [9], [36]. This paper focusses on the 

design of the inner control loops, while the details of the 

outer control ones are beyond the scope of this work. 

At this point, the stability of the system after adding the 

controller is still a concern. In order to guarantee the safe 

operation, the stability of the system in both operation modes 

shall be investigated. The root locii for the system in the boost 

and buck modes are traced as depicted in Fig. 6 (a) & (b), 

respectively. It can be seen that the poles are in the left hand 

side plane which implies the stable operation of the system.  

IV. FESS PARAMETERS SELECTION 

The previous sections covered the modelling, design and 

control of the FESS. This section discusses the selection of the 

FESS speed and rate of charge to meet the requirements of a 

certain pulsed load.  In this work, the authors are presenting a 

simple formula to select the optimum speed for the flywheel 

based on the pulsed load parameters. Flywheel speed selection 

is very crucial since overestimating the speed may involve 

unnecessary expenses and design complications. On the other 

hand, underestimating the speed may cause premature 

CBuck
Voltage reference 

generator
Vcout(s)/d(s)

CBoost iL(s)/d(s)

-

-
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Fig.5. Block diagram for the FESS controller. 

 

TABLE III 

PI CONTROLLERS’ PARAMETERS 

 Kp Ki 

Buck Converter 9.75 29 

Boost Converter 0.75 30.45 

 

 

(a) 

 
 

(b) 

Fig.6. Root locus for the systems in (a) Boost mode (b) Buck mode.  
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Fig.7. Generic pulsed load profile. 



 

discharging of the flywheel and energy insufficiency to mitigate 

the pulsed load. 

Given the generic pulsed load profile shown in Fig. 7, the 

amplitude of the pulse power is P, the period for the pulsed 

is ton and the span between any two consecutive pulses is 

(toff). It is required to calculate the minimum safe speed of 

the flywheel to mitigate such a load. The stored energy in the 

flywheel is:  

𝐸𝑓𝑤=
1

2
. J. 𝜔𝑓𝑤

2                             (21) 

Where 𝜔𝑓𝑤 and J are the flywheel speed and moment of 

inertia, respectively. The amount of energy needed to 

mitigate a pulsed load (area under the curve) as shown is:  

𝐸𝑃𝑢𝑙= (1/𝜂𝑑𝑖𝑠). P. 𝑡𝑜𝑛                     (22) 

Where 𝜂𝑑𝑖𝑠 is the discharging efficiency. One of the 

disadvantages of the flywheel is the high self-discharging 

rate (σ), so it will be considered in any calculations. It is 

worthy to mention that the self-discharge rate is dependent 

on the mechanical friction and type of the used bearings. 

This is the reason why magnetic bearing is preferred with 

high speed machines. With equating both energies, yield: 

(1 − 𝜎).
1

2
. J. 𝜔𝑓𝑤

2 =(1/𝜂𝑑𝑖𝑠). P. 𝑡𝑜𝑛               (23) 

Then the minimum flywheel speed can be calculated as: 

𝜔𝑓𝑤 =  √
2.P.𝑡𝑜𝑛

 𝜂𝑑𝑖𝑠.𝐽. (1−𝜎)
                          (24) 

It is required to completely charge the flywheel at the 

instance of the pulse. i.e. when the pulse starts the flywheel 

is at 100% SoC. In order to achieve this a rate of charging, 

acceleration (∆ch) should be selected and embedded in the 

controller design. The amount of energy injected to the 

flywheel during toff is given as: 

𝐸𝑓𝑤=
1

2
. J. (𝜔𝑓𝑤

2 − 𝜔0
2). 𝜂𝑐ℎ                       (25) 

Where 𝜔0 is the flywheel speed before the acceleration (at 

the end of the previous pulse) and 𝜂𝑐ℎ is the charging 

efficiency. Thus, the machine should be accelerated with this 

rate: 

∆𝑐ℎ=
𝜔𝑓𝑤

𝑡𝑜𝑓𝑓
= (

1

𝑡𝑜𝑓𝑓
) . √

2.P.𝑡𝑜𝑛

 𝜂𝑐ℎ.𝐽
+ 𝜔0

2                  (26) 

In the case of random (non-uniform) pulsed loads, it is 

possible to change the charging rate dynamically based on 

the changed parameters and characteristics of the pulsed load 

profile. It is important to select the adequate charging rate 

for the flywheel to avoid premature occurrence of the pulse 

at early point where the flywheel is not completely charged. 

While, charging the flywheel with high rate (quickly) can 

cause unnecessary high currents which can cause 

fluctuations. 

V. CASE STUDIES AND DISCUSSION 

A model for a DC distribution network with a pulsed load 

and the proposed FESS is built in Matlab/Simulink 

environment. The flywheel inertia (J) is taken as 0.75 kg.m2. 

For more realistic testing, the performance of the FESS is 

investigated through two case studies. In the first, a purely 

square wave pulsed load is used while in the second case, a 

distorted one is applied.  

A. Case I: Purely Square Wave Pulsed Load 

The simulation results are shown in Fig. 8, the pulsed load 

profile is as shown in Fig. 8 (b). This pulse load can be either 

an Electromagnetic gun or Integrated Fight Through Power 

(IFTP) system [5]. Also, a large number of electric vehicles 

requesting fast charging or large cranes can represent a pulsed 

load. In this case, the duty cycle of the pulsed load is variable 

(i.e. non-uniform pulsed load profile) and its amplitude is 30 A. 

The injected current to/from the DC bus is shown in Fig. 8 

(a). It can be seen that during the pulse, the injected current 

perfectly follows the pulsed shape to fulfill the energy gap and 

meet the pulse load requirements. This is due to the fast yet 

stable response of the controller. The injected current is steady 

around the 30 A level which is the amplitude of the pulse. 

  When the Pulsed load is off the machine charges which is 

denoted by a negative current in Fig. 8(a). The machine terminal 

voltage and speed are shown in Figs. 8(d) and (f), respectively. 

It can be seen that the machine is accelerating smoothly during 

charging and then de-accelerates during the load indicating 

losing charge. Because of the non-uniformity of the pulse load 

profile, at some points, the span between any two consequent 

pulses is very short. Thus, the next pulse occurs while the FESS 

is not completely charged. The FESS can flexibly react to this 

situation and switch seamlessly from charging to discharging 

without any interruptions. Minor spikes are detected in the 

machine voltage during charging, this is because the higher 

current withdrawn during the build-up of the counter emf. This 

is reflected as fluctuations in the DC bus voltage. However, 

these fluctuations are less than 0.5 % which is acceptable by the 

standards [37]-[39]. On the other hand, there’s no fluctuations 

during the pulse, which indicates complete mitigation for the 

pulsed load. The armature current is shown in Fig. 8(c), which 

is a reverse of the current shown in Fig. 8(a). 

B. Case II: Distorted Pulsed Load 

Although most of the pulsed loads have a nearly pure 

square waveform [40]-[1], but in some real world scenarios, 

they may exhibit a distorted shape. In order to achieve a 

broader investigation for the FESS performance, a pulsed 

load with a distorted waveform is simulated and applied to 

the system. The results are depicted in Fig. 9, the load profile 

is shown in Fig. 9(a). The machine current and speed are 

shown in Figs. 9 (b) &(c), respectively. From Fig. 9 (d), it 

can be seen that the FESS is still compensating the load 

efficiently with preventing any fluctuations on the DC bus 

voltage.   

VI.  HARDWARE IMPLEMENTATION AND EXPERIMENTAL 

RESULTS 

The Developed design for the FESS was implemented as 

shown in Fig. 10. The current flowing in the system is measured 

at four points I1, I2, I3 and I4. The DC bus and machine 

voltages are measured. The machine is coupled to a 12 in. 

diameter steel disc as the rotating mass. Fig. 11 shows a block 

diagram for the implemented hardware setup. The converter 



 

was designed and implemented in a modular manner for ease of 

assembly, diagnostics and maintenance. Two fast IGBT 

modules with anti-parallel diodes were used, the module part 

number is HGTG30N60C3D. The converter was implemented 

in two main separable parts. The first one is the main board to 

carry the power components. The second comprises the control, 

protection and the driving circuits. Different protection 

functions were provided to disable the IGBT gate signals and 

protect the system. These functions are loss of field, over 

voltage, over current and IGBT driver error. 4 LEDS are used 

to indicate the type of fault. A varistor was connected at the 

converter side connected to the machine terminals to protect the 

machine against overvoltages. The system control was 

implemented using dSPACE 1104. The switching frequency 

was 10 kHz. 

In order to examine the effectiveness of the developed 

system, the system will be tested under a heavy pulsed load 

(11.5 Amps at 318 DCV). Fig. 12 depicts the system results 

without the flywheel. It can be seen that under the pulsed load, 

the bus voltage drops to around 297.5 V (93.5%) violating the 

limits specified by the standards (indicated by red dashed lines). 

It should be noted that the allowed range for voltage variation 

is ±5%. This can result in disconnection of critical loads or 

underperformance of some other loads in the system.  

The FESS is connected to mitigate the effect of the pulsed 

load and share the load with the supply to fill the energy deficit. 

The experiment was performed under the same load conditions. 

The experimental results are depicted in Fig. 13. It can be seen 

that the pulsed load current is shared between the DC bus and 

the FESS. Thus, the FESS clipped the pulsed load current to 

limit the loading on the DC bus and maintain the voltage. Also, 

the machine charging current is shown on the bus current but 

with reversed sign as the current direction is reversed. The 

pulsed load current (I3) is the algebraic sum of the DC bus 

current (I1) and the machine current (I2). Since, the voltage at 

the machine side is less than the DC bus side (one third of the 

DC bus voltage), the current in the machine side of the 

converter is around three times that of the DC bus side i.e. 

(I4≈3*I2).  

It is shown that the machine voltage is increasing gradually 

indicating smooth charging of the flywheel. The charging 

current of the machine is increasing smoothly as well without 

Fig.9. FESS performance under distorted pulsed load (a) Load current (b) 

Machine current (c) Machine speed (d) Bus voltage.  

 

 

Fig.8. FESS operation under pulsed load.  
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large spikes. Then, the voltage is constant around the reference 

value which is 85 Volts.  Finally, the DC bus voltage is shown 

in the figure at the bottom. Some high frequency fluctuations 

are detected due to the charging and discharging of the machine 

and switching actions. However, the magnitude of these voltage 

spikes are well below allowed limits by the standards (the limits 

are shown with the red dashed lines). Thus, the effectiveness of 

the developed system is proven. The effect of the pulsed load 

didn’t propagate to the DC bus which allows adding more 

critical loads to the DC bus without being concerned with the 

impacts of the pulsed load. 

VII. CONCLUSION  

In low speed flywheels, DFI and DC machines can be used. 

Both are using mechanical contacts for rotor connection, which 

is acceptable in such applications. This paper presented an 

improved modeling and control method for a DC machine 

based low speed FESS. The DC machine can offer more 

advantages including lower cost, simplicity and wider speed 

range. This wide operation range allows more utilization of the 

stored kinetic energy. The machine model was integrated to the 

converter model. A state space model was obtained for the 

entire system as a single entity. The model was validated 

through a comparison with another estimated model. Based on 

the obtained model, accurate tuning of the PI controllers was 

achieved. An efficient performance was shown through 

simulation results under heavy pulsed load with non-uniform 

profile. The proposed design was validated through hardware 

setup and the experimental results were aligned with the 

simulation. It was shown through laboratory hardware setup 

that the FESS is effectively mitigating the pulsed load.   

 

Fig.12. System performance without FESS (a) pulsed load profile (b) DC bus 

voltage. 

 

Fig.13. Experimental results showing FESS performance under pulsed load (a) 

Bus current (I1). (b) Converter current-bus side (I2). (c) Pulsed load current 
(I3). (d) Converter current-machine side (I4).  (e) Machine voltage.  

(f) Bus voltage.  
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Fig.10. Hardware implementation of FESS with pulsed load. 
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Fig.11. Experimental setup. 
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