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Abstract–The objective of this paper is to propose a gate 

drive circuit and an output filter of a switched-capacitor–

based multilevel inverter for aircraft APU. With the 

bootstrap methodology, only one voltage source is required to 

power the gate driver of all switches used in the multilevel 

inverter. With the LC filter, this inverter is capable of 

providing a pure sinusoidal output voltage waveform. Finally, 

the performance of the proposed multilevel inverter is 

evaluated with simulation results and experimental results of 

an eleven-level prototype inverter. 

 
Keywords–Multilevel inverter, switched-capacitor, bootstrap 

capacitor driver, sinusoidal PWM. 

 

I.  INTRODUCTION 

Aircrafts requires an auxiliary power unit (APU) to 

produce high frequency alternating current, usually 400 

Hz. To obtain an output waveform as much as sinusoidal 

shape, multilevel inverter technique has been an 

alternative of conventional 2-level inverter. It is well 

known that the more the levels of an inverter, the more 

near sinusoidal its output voltage is. It also means the 

more power semiconductors and voltage sources or 

capacitors are required. Consequently, one of the key 

technologies for multilevel inverters is to use less 

components and simpler structures to obtain the more 

levels of output voltages. 

 

The conventional multilevel inverters can be divided into 

three categories [1]: neutral-point-clamped [2], flying 

capacitors [3], and the H-bridge cascade [4].  One of their 

common drawbacks is that an excessive number of power 

semiconductor switches and capacitor sources employed 

that leads to the complex structure and higher power loss. 

  In the literature [5], a novel multilevel inverter is 

presented for high frequency applications. It is made up of 

a novel DC-DC multilevel converter and an H-bridge as 

shown in Fig.1. The key point of this inverter is the DC-

DC conversion section which consists of multiple 

switched-capacitor (SC) cells. Each cell employs only one 

capacitor, one active switch and two diodes. The number 

of n-1 SC cells can compose an n-level DC-DC converter. 

They are connected to an H-bridge, a (2n+1)-level inverter 

can be easily derived. The structure is very simple and 

fewer components are required. 

 

In order to promote this novel multilevel inverter for 

industrial applications, a simple gate drive circuit is 

developed by using bootstrap technique in this paper. It 

means that only one power supply is required to power the 

gate drive circuit for all switches employed in this inverter. 

This design philosophy contributes the small size and cost-

effectiveness of the inverter. 

 
Fig.1: The multilevel inverter presented in [5] 

 

To develop a pure sinusoidal output voltage waveform, an 

LC filter is added on the output terminal of this multilevel 

inverter in this paper. 

 

Both simulation and experimental results of a seven-level 

inverter prototype are provided to evaluate the 

performance of the inverter.  

 

 
Fig.2: The seven-level topology of the multilevel inverter 

 

 

II. CIRCUIT DESCRIPTION AND STATES ANALYSIS 

 

1. Circuit Description 

Fig.2 shows the topology of proposed inverter in seven 

levels. It is composed of a three-level DC-DC converter, a 

full bridge and an output low-pass filter. As mentioned 

before, the key point of the seven-level inverter is the 

section of DC-DC converter which consists of three active 

switches Q0, Q1 and Q2, three diodes D1, D2 and D02, and 

two capacitors C1 and C2. With different control strategies 

for the three active switches, the DC-DC conversion 

section is capable of converting the input voltage Vin in 

different levels, including 3Vin, 2Vin and Vin. Like many 

other multilevel inverters aforementioned, the proposed 
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inverter also includes an inverter bridge which employs 

four active switches S1~S4, and an output LC filter used for 

filtering higher harmonics. 

 

2. States analysis 

As mentioned before, with different control strategies, the 

circuit section of multilevel DC-DC converter of the 

proposed inverter is capable of converting the input 

voltage Vin in different levels. For the seven-level inverter 

as shown in Fig.2, there are three levels that can be 

produced by the multilevel converter section, including the 

levels of Vin, 2Vin and 3Vin. With the combination of the 

operation of the inverter bridge, the inverter can provide 

seven levels of voltage: 3Vin, 2Vin, Vin, 0, -Vin, -2Vin and -

3Vin. 
 

 
a. the zero level output 

 
b. the level of Vin output 

 
c. the level of 2Vin output 

 
d. the level of 3Vin output 

Fig.3: Working states for the proposed inverter 

 

Specifically, when the switch Q0 is turned ON and Q1 and 

Q2 being OFF, Vin, D1, C1 and Q0  form a closed loop and 

C1 is charged by input power Vin. And another closed loop 

is formed by Vin, D2, C2, D02 and Q0, and C2 is also 

charged by Vin. In this case, when the switch S1 is turned 

ON and other switches in the H-bridge maintains the OFF 

state as shown in Fig.3a, the output bus voltage vbus is 

equal to 0. But if the switch S4 is turned ON as well as 

shown in Fig.3b, the bus voltage will change to Vin. Of 

course, when the switch S2 is turned ON, and S1 and S4 

maintain OFF state, another 0 level and –Vin could be 

produced by being OFF or ON of S3. 

 

In the DC-DC conversion section, when the switch Q1 is 

turned ON and other switches are OFF, the capacitor C1 is 

connected in series with input power Vin through Q1 and 

D2 and the DC-DC converter section output the voltage 

level of Vin+VC1. Assuming the capacitance of C1 is large 

enough, the 2Vin level can be produced by being ON of S1, 

S4 and OFF of S2 and S3 as shown in Fig.3c. Similarly, 

when S1 and S4 are turned OFF and S2, S3 are turned ON, 

the level of -2Vin can be produced as the bus voltage vbus. 

When Q1 and Q2 are turned ON simultaneously while Q0 

being OFF, capacitors C1, C2 and input source Vin are 

connected in series by switches Q1 and Q2. Under the 

condition of the values of C1 and C2 are both large enough, 

the level of 3Vin can be output by the DC-DC converter 

section. In this case, if the switches S1 and S4 are turned 

ON and S2 and S3 being OFF, the bus voltage vbus is equal 

to 3Vin as shown in Fig.3d. With similar method, the level 

of -3Vin can be produced by turning switches S1 and S4 

OFF, and S2 and S3 ON. 

 

 According the above analysis, the working states’ 

combination of the seven-level version of the proposed 

inverter is concluded as shown in Tab.1. It can be seen 

from Tab.1 that there are eight working states for the 

inverter corresponding to seven voltage levels, including 

two zero level states. In each state, a maximum of only 

four switches are in conduction. And when the inverter 

operates alternatively in two adjacent states, there is only 

one or two switches’ states needed to be changed. 

 

TABLE I 

Working states’ combination of the seven-level inverter 
No. of 

states 

Bus voltage 

vbus 

Switching states 

Q0 Q1 Q2 S1 S2 S3 S4 

1 +3Vin 0 1 1 1 0 0 1 

2 +2Vin 0 1 0 1 0 0 1 

3 +Vin 1 0 0 1 0 0 1 

4 
0 

1 0 0 1 0 0 0 

5 1 0 0 0 1 0 0 

6 -Vin 1 0 0 0 1 1 0 

7 -2Vin 0 1 0 0 1 1 0 

8 -3Vin 0 1 1 0 1 1 0 

 

 

3. Modulation Method 

There are many modulation methods to control a 

multilevel inverter, such as classic carrier-based sinusoidal 

PWM (SPWM) method [6]. In this section, SPWM is also 

introduced to modulate the multilevel inverter, as follows. 

For the seven-level inverter, there are six carrier signals 

e1~e6 and a modulated sinusoidal signal eS needed, as 

shown in Fig.4a which is the modulation logic circuit for 

the proposed seven-level inverter. Fig.4b shows the 

corresponding modulation waveforms, in which AC is the 
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amplitude of the carrier signals. If defining the symbol AS 

as the amplitude of the modulated sinusoidal signal, the 

modulation index M can be defined as 

 

                             

CAN

A
M

)1(

2 S


                            (1) 

 

where N is the number of the levels and it is odd. For the 

proposed seven-level inverter, N=7.  

 

 

 
a. modulation logic circuit 

 

3AC

2AC

t

e6

AC

e5

0
e4

-AC

e3

-2AC

e2

-3AC

e1

vGQ0

vGQ1

vGQ2

vGS1

vGS2

vGS3

vGS4

eS

vbus

0

t

t

t

t

t

t

t

t

 b. modulation waveforms
 

Fig.4: Modulation method for the proposed seven-level inverter 

 

   

And the frequency modulation ratio can also be defined as 

                              
SCP  /                                   (2) 

where C and S are the angular frequencies of the 

carrier signal and modulated signal respectively. And the 

desired output sinusoidal voltage therefore can be derived 

as (3). 

                   tMV
N

v SinO sin
2

1
                    (3) 

 

III. GATE DRIVER AND OUTPUT FILTER 

 

1. Gate driver for the proposed inverter 

For multilevel inverters, a large number of active 

switching elements are required and the drive circuit is 

needed for each switch. In this respect, the cost and 

complexity of the gate driver depends on the number of 

active switches required for the multilevel inverter. For the 

proposed inverter, although the number of active switches 

employed is much lesser than conventional multilevel 

inverter, its gate drive circuit is still a very important issue.  

Bootstrap capacitor driver (BSCD) is a mature gate drive 

technique and has traditionally been applied in various 

bridge circuits [7]. Based on the special structure of the 

proposed inverter, BSCD technique is also introduced to 

drive the all active switches.  

 

In the proposed topology which consists of a full bridge 

and a multilevel DC-DC converter, the gate drivers for the 

full bridge is very simple and is not elaborated in the text. 

For the DC-DC conversion section, active switches Q1 to 

Qn are actually connected in series with Q0 though diodes 

D1’ to Dn’ respectively. And Q0 can be turned ON just 

after all other switches Q1 to Qn being OFF. The voltage 

for the gate driver of Q0 therefore can be supplied directly 

by the signal power Vgate. And the voltage sources for the 

gate drivers of Q1 to Qn could be implemented by using a 

bootstrap capacitor for each switch as shown in Fig.5. 

Take the diver circuit of Q1, BSCD-1 as an example, when 

switch Q0 is turned ON while Q1 being OFF, the capacitor 

CB1 is charged by the signal power Vgate though D11, D1’ 

and Q0, the energy is stored in CB1 and its voltage is 

eventually equal to Vgate. When Q0 is turned OFF, switch 

Q1 could be controlled by its trigger signal vGQ1 and 

voltage as well as power are supplied by the capacitor CB1.  

For other switches Qi (i=2, 3, …, n), the gate drivers 

BSCD-i are totally the same as BSCD-1. The gate diver 

for the total inverter is therefore very simple and only one 

signal power Vgate is required. 

 
 

 
Fig.5: Gate driver for the proposed inverter 

 

 

2. Output filter design for the proposed inverter 
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Comparing with 2-level inverter, the output performance 

of the multilevel inverters is more satisfactory in the terms 

of harmonics. The output filters therefore are easier to be 

designed. Usually, the multilevel inverters only need to 

employ an LC low-pass output filter with reasonable 

parameters to provide satisfactory output sinusoidal 

voltage. The detailed design methods of LC filter for 

PWM inverters have been introduced in [8], [9] and the 

technique is very mature, that is mainly based the 

considerations of reactive power and output voltage 

harmonics. Simply, the design steps of a LC filter for 

PWM inverters can be summarized as follows. 

 

1). to determine the filter cut-off frequency ωf referring to 

the carrier signals frequency ωC and the modulated signal 

frequency ωS, i.e. 

                       
LC

f

1
                                         (4) 

and                 CfS                                       (5) 

 

2). to determine the inductance of the filter according to 

the principle of minimum reactive power. For the pure 

resistance load, the reactive power QLC caused by the LC 

filter could be approximately expressed as 
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where UO and IO are the rms values of the output voltage 

and load current respectively. The minimum reactive 

power is obtained when 0 LQLC
. The value of the 

inductor L therefore can be calculated by 
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3). calculate the capacitance of the filter according the 

value of inductance L and the cut-off frequency f , i.e. 

                                   
L

C
f

2

1


                                (8)  

 

IV. SIMULATION EXPERIMENTAL VERIFICATION 

 

1. Simulation Results 

To verify the feasibility of the proposed gate driver and 

the LC output filter developed for the multilevel inverter 

of Fig.1, a simulation model is built based on the seven-

level topology, the multicarrier SPWM technique and the 

gate driver structure as shown in Figs. 2, 4a and 5 

respectively. Fig.6 shows the simulated results and the 

simulation parameters are chosen as following: the dc 

input voltage Vin is 24V; the capacitances of C1 and C2 

both are 1000μF; the carrier signals frequency and the 

modulated signal frequency are 40kHz and 400Hz 

respectively; the modulation index M is 0.96 and the load 

resistance is 22Ω; the signal power Vgate is 15V and the 

bootstrap capacitor is 1μF; the output filter inductance L 

and capacitance C are 850μH and 2.2μF respectively. 

 

Simulation results indicate that the multilevel inverter is 

capable of generating a pure sinusoidal output voltage 

waveform vO and this is benefited from the bootstrap gate 

driver circuit and the LC filter developed in this paper. 

 

 
a. the carrier signals e1~e6 and the modulated signal eS 

 
b. switching control signals 

 

 
c. output voltage waveforms 

Fig.6: Simulation results of the seven-level output 

 

 

2. Experimental Results 

A prototype of the seven-level version of the proposed 

inverter is developed to evaluate the performance of the 

proposed topology in the generation of a desired output 
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voltage waveform. The basic parameters are the same as 

that used for simulation and the switches are selected as 

following: S1~S4 and Q0 are MOSFETs IRFB4019PBF; Q1 

and Q2 are MOSFETs IRFI540A; MBR10100 are used as 

the diodes D1, D2 and D02. The modulation index M is still 

0.96. The experimental results are shown in Fig.7. As 

shown in Fig.7a, the output voltage waveforms are 

basically the same as the simulation results 

aforementioned except for the amplitude, which is slightly 

lower than the theoretical value the simulation result 

because the voltage drops of the switching devices. Fig.7b 

shows the frequency spectrum of the bus voltage vbus. It 

can be seen that the lower order harmonics are small but 

the higher harmonics cannot be neglected, especially those 

closed to the carrier signals frequency. This issue is easily 

solved by the output LC filter as shown in Figs.7c and 7d, 

which show the frequency spectrum of the output voltage 

vO. 

 

 
a. CH1: vbus; CH2: vO; CH3: iO 

 

 
b. frequency spectrum of vbus (0~125kHz) 

 

 
c. frequency spectrum of vO (0~125kHz) 

 

 
d. frequency spectrum of vO (0~1.5kHz) 

Fig.7: Experimental results of the seven-level inverter 

 

IV. CONCLUSION 

In this paper, a simple gate drive circuit and an output 

filter are developed for the multilevel inverter presented in 

[5]. With this bootstrap gate driver, only one voltage 

source is required to power the drive circuit of all switches 

employed in this inverter. This makes it has the 

advantages of small size and cost-effectiveness. With the 

LC filter, this inverter is capable of providing a pure 

sinusoidal output voltage waveform. And it is very 

suitable for aircraft APUs. Simulation and experimental 

results indicate the gate driver and the LC filter introduced 

in this paper provide a very well solution to promote the 

industrial applications of the multilevel inverter. 
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Abstract- two topologies of soft-switching for the switched 

reluctance motor (SRM) are proposed in this paper to reduce 

the switching loss and EMI in the chopping and commuting 

periods. The design circuit of the topologies are shown and the 

feature of the current or voltage of resonant elements are 

analyzed in theory and confirmed by simulation of 

Matlab/Simulink. Besides, the energy loss of the soft-switching 

circuit for the second topology is calculated and compared 

with the conventional one. The loss is computed under 

different rotating speeds to simulate electrical vehicle (EV) 

running under various speeds and the advantage of the 

proposed circuit is proved.  

 

Keywords-SRM, Matlab/Simulink, soft-switching, energy loss, 

topology 

 
I. INTRODUCTION 

 

With the increasingly serious environment pollution and 

energy crisis, EV has become a new trend for future 

industrial vehicle study due to its high efficiency and low 

emission. Motor drive is the central part of EV because of 

offering enough power for its performing. The SRM has the 

advantage over other kinds of motors as it has a simple 

structure, low cost, high efficiency, easy control, low 

starting current and high pull-up torque. Therefore, it has a 

potential prospect in the application of machine drives of 

EV. But in order to optimize a control strategy for SRM 

drive, high frequency is required for accurate current and 

flux linkage regulation, causing considerable switching 

losses and EMI. Soft switching technology is an efficient 

method in lowering these losses for EV in normal urban 

driving [1].  

 

In [2], resonant DC link (RDCL) is utilized to achieve ZVS 

on and ZCS off, but the resonant inductor is in series with 

the inverter-bridge leading to unnecessary loss since both 

resonant and load current flow through this resonant 

inductor. Literature [3] introduces additional inductors and 

capacitors into the topology, however, there’s a resonant 

inductor in the main loop as well. A novel topology is put 

forward in [4] with PWM method to reduce the switching 

losses, but the resonant inductor is still in the main circuit. 

The soft-switching topology in [5] can only attain ZVS on 

for phase switches. Document [6-8] solved the inverter 

problems above, but when there is no load, the formation of 

zero voltage between the DC bus encounters great 

difficulties. 

 

This paper proposes two topologies to reduce the switching 

losses and settle the challenges above. The topology in 

section II utilizes only one auxiliary switch and remains the 

resonant inductor in the resonant circuit, thus declining the 

current flowing through it greatly. Besides, the number of 

the auxiliary elements is reduced to a great extent. Section 

III gives an improved topology to achieve controlling the 

zero voltage duration freely and no current flowing through 

the resonant inductor during normal conducting time, 

although it adds two additonal auxiliary switches. Section 

IV makes a comparison of the energy losses between the 

improved topology in section III and the convential one; 

furthermore, some analysis is offered. 

 

II. A SUITABLE SOFT-SWITCHING TOPOLOGY FOR THE SRM 

 

The designed circuit is in the following Figure 1: 

 

Cx Lr

D2

V1

D3

Cr V4

V2

V3

D4

D5

Phase A

 
Figure 1. Schematic of the new soft-switching topology. 

 

 

In this Figure 1, one phase of the SRM is simplified as a 

constant inductance during the soft-switching period since 

it is short enough. And the parameter of the elements in the 

circuit is in the following Table 1: 

 
Table 1: Circuit Parameters for the Topology 

E (V) 300 𝐶𝑠 (pF) 0.1 

𝐶𝑥 (nF) 1000 𝐿𝑟 (𝜇𝐹) 60 

𝐶𝑟 (nF) 30 𝐿𝐴 (𝑚𝐹) 10 

 

𝑉1, 𝑉2, 𝑉3, 𝑉4 of the switching components are  all selected 

as IGBT. This proposed circuit can simplify the control of 

switching elements, reduce the number of switching and 

resonant components to lower the hardware cost. Besides, 

it has extra advantages of each switch turning on-off at zero 

voltage and the maximum enduring voltage is equal to that 

of the DC source. Meanwhile, because of no series voltage-

divider capacitors between the DC bus, there’s no potential 

variation of the neutral point [9]. 

 

The theoretical waveforms of the switching signal, voltage 

or current of the resonant components are shown as follows 

in Figure 2:  

 

This circuit can be divided into six working modes 

 

Mode I (0~𝑡0): it’s the initial condition of the whole circuit 

with 𝑉1, 𝑉2, 𝑉3 on and 𝑉4 off. The circuit is stable and there 

is a constant reverse current 𝐼𝐿0  flowing through the 

resonant inductor 𝐿𝑟. 
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ucr

ILr

ucx

V1

V2

V4

t0 t1 t3t2 t4t5 t7t6

Figure 2. theoretical waveform for the novel topology 

 

 

Mode II (𝑡0~𝑡1) : when 𝑉1  is off, 𝐿𝑟  and 𝐶𝑟  begin their 

resonance with both the current 𝐼𝑙𝑟  and voltage 𝑢𝑐𝑟 

decreasing. The energy of 𝐿𝑟 feeds back to the battery while 

that of  𝐶𝑟 is transferred to both the winding and the battery. 

With 𝐶𝑟  discharging, the DC bus voltage is declining 

gradually until zero. The differential equation is as follows: 

 

𝑢𝑐𝑟 = −𝐿𝑟 ∙
𝑑𝑖𝑟

𝑑𝑡
+ 𝐸                                                          (1) 

 

𝐶𝑟 ∙
𝑑𝑢𝑟

𝑑𝑡
= 𝑖𝑟 − 𝐼0                                                               (2) 

 

Then, with the initial value 𝑢𝑐𝑟(𝑡0) = 𝐸 , 𝑖𝑐𝑟(𝑡0) = −𝐼𝐿0 , 

we can get  

 

𝑢𝑐𝑟 = 𝐸 −
(𝐼0+𝐼𝐿0)

𝜔𝑟𝐶𝑟
sin [𝜔𝑟(𝑡 − 𝑡0)]                                   (3) 

 

𝑖𝑟 = 𝐼0 − (𝐼0 + 𝐼𝐿0)cos [𝜔𝑟(𝑡 − 𝑡0)]                                  (4) 

 

where, 𝜔𝑟 =
1

√𝐿𝑟𝐶𝑟
, 𝐼0 is the current of the winding load. 

Therefore, the mode II time, 

 

𝑇2 =
1

𝜔𝑟
𝑎𝑟𝑐𝑠𝑖𝑛

𝜔𝑟𝐶𝑟𝐸

𝐼0+𝐼𝐿0
                                                        (5) 

 

Mode III ( 𝑡1~𝑡2) : when 𝑢𝑐𝑟  reaches zero, diode 𝐷3 

conducts which clamps the DC bus voltage at zero and  𝑉2 

can be switched off at zero voltage. During this period, 𝐿𝑟 

bears a constant voltage of the DC source and 𝑖𝑟  decreases 

linearly until it reaches zero point. So, 

 

𝑖𝑟 =
𝐸

𝐿𝑟
(𝑡 − 𝑡1) − 𝐼1                                                         (6) 

 

Thus, the mode III time, 

 

𝑇3 =
𝐿𝑟𝐼1

𝐸
                                                                            (7) 

 

Mode IV (𝑡2~𝑡3): IGBT 𝑉4 is turned on to keep 𝑖𝑟  positive 

and the capacitor 𝑢𝑐𝑥 is conducting. So 𝐶𝑥 and 𝐿𝑟 start their 

resonance under the DC bus voltage until it 𝑖𝑟  attains its 

setting value 𝐼2 at the moment 𝑡3. At the end of this period, 

the switch 𝑉2 is turned on at zero voltage point of the DC 

bus. Then IGBT 𝑉4 is turned off. We can get the equation, 

 

𝑢𝐶𝑥 + 𝐿𝑟
𝑑𝑖𝑟

𝑑𝑡
= 𝐸                                                               

(8)                                                                         

 

𝐶𝑥
𝑑𝑢𝐶𝑥

𝑑𝑡
=𝑖𝑟                                                                          (9) 

 

From (8) and (9), the result is  

 

𝑢𝐶𝑥 = 𝐸 − 𝐸𝑐𝑜𝑠[𝜔𝑥(𝑡 − 𝑡2)]                                         (10) 

 

𝑖𝑟 = 𝜔𝑥𝐶𝑥𝐸𝑠𝑖𝑛[𝜔𝑥(𝑡 − 𝑡2)]                                           (11) 

 

Therefore, the duration of this mode is 

 

𝑇4 =
1

𝜔𝑥
arcsin (

𝐼2

𝐶𝑥𝜔𝑥𝐸
)                                                     (12) 

 

Mode V(𝑡3~𝑡4) : With 𝑉4  switched off, 𝐿𝑟 , 𝐶𝑥 ,  𝐶𝑟  begin 

their resonance together. Because of 𝐶𝑥 >>𝐶𝑟 , the series 

capacitor can be simplified as  

 
𝐶𝑥𝐶𝑟

𝐶𝑥+𝐶𝑟
≈ 𝐶𝑟                                                                       (13) 

 

In this mode, 𝑢𝐶𝑥 can be regarded as constant U. During the 

resonance process, both 𝐿𝑟 and 𝐶𝑟 are charged, with 𝑖𝑟  and 

𝑢𝐶𝑟 increasing till 𝑢𝐶𝑟 getting to the DC bus voltage. 

The differential equations are as follows: 

 

𝐸 − 𝑈 = 𝐿𝑟
𝑑𝑖𝑟

𝑑𝑡
+ 𝑢𝑐𝑟                                                       (14) 

 

𝑖𝑟 − 𝐼0 = 𝐶𝑟
𝑑𝑢𝑐𝑟

𝑑𝑡
                                                             (15) 

 

Then we can calculate, 

 

𝑢𝑐𝑟 = ( 𝐸 − 𝑈)(1 − cos [𝜔𝑟(𝑡 − 𝑡3)] ) + 
𝐼2−𝐼0

𝜔𝑟𝐶𝑟
sin[𝜔𝑟(𝑡 −

𝑡3)]                                                                                  (16) 

 

𝑖𝑟 = 𝐼0 + (𝐼2 − 𝐼0)cos [𝜔𝑟(𝑡 − 𝑡3)]  +  𝜔𝑟𝐶𝑟 ( 𝐸 − 𝑈)  
sin[𝜔𝑟(𝑡 −  𝑡3)]                                                               (17) 

 

From the outcome, when 𝑢𝑐𝑟  increases to ( 𝐸 − 𝑈 ), 𝑖𝑟  

reaches its maximum and from then on, 𝑢𝑐𝑟 augments while 

𝑖𝑟  decreases. The duration of this mode can be calculated as 

 

𝑇5 =
1

𝜔𝑟
(arcsin (

𝐸−𝑈

𝑀
) + arcsin (

𝑈

𝑀
))                             (18) 

 

where, M=√
(𝐼2−𝐼0)2

𝜔𝑟
2𝐶𝑟

2 + (𝐸 − 𝑈)2 

 

Mode VI(𝑡4~𝑡7): During this mode, two parts of it need to 

be analysed. To start with, when 𝑖𝑟  is still positive, 𝐶𝑥 and 

𝐿𝑟  start resonance with 𝑢𝑐𝑥  increasing and 𝑖𝑟  declining. 

Before 𝑖𝑟  descends to the winding load current  𝐼0, Diode 
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D1 is conducting during which time the switch 𝑉1 can be 

turned on under zero voltage condition. The first part ends 

with 𝑢𝑐𝑥 arriving at its peak and 𝑖𝑟  dropping to zero. The 

second part begins when 𝑖𝑟  is negative, during which, 𝐶𝑥 is 

discharged and 𝑖𝑟  increases reversely. It comes to an end 

when  𝑢𝑐𝑥 drops to zero voltage and Diode 𝐷2 is on. Later, 

it comes back to Mode I and start a new circulation. 

The equation is as follows: 

 

𝑢𝑐𝑥 + 𝐿𝑟
𝑑𝑖𝑟

𝑑𝑡
= 0                                                              (19) 

 

𝐶𝑥 ∙
𝑑𝑢𝑐𝑥

𝑑𝑡
= 𝑖𝑟                                                                    (20) 

 

Then the value we get is 

 

𝑢𝑐𝑥 = 𝑈𝑐𝑜𝑠[𝜔𝑟(𝑡 − 𝑡4)] +
𝐼3

𝐶𝑥𝜔𝑥
𝑠𝑖𝑛[𝜔𝑟(𝑡 − 𝑡4)]           (21) 

 

𝑖𝑟 = 𝐼3 cos[𝜔𝑟(𝑡 − 𝑡4)] − 𝐶𝑥𝜔𝑥𝑈𝑠𝑖𝑛[𝜔𝑟(𝑡 − 𝑡4)]         (22) 

 

The length of time is 

 

𝑇6 =
1

𝜔𝑥
(𝜋 − 𝑎𝑟𝑐𝑡𝑎𝑛

𝑈𝐶𝑥𝜔𝑥

𝐼3
)                                           (23) 

 

According to the theory analysis above, a simulation of one 

circulation based on Matlab/Simulink has been done to 

confirm the theory. The switching signal is applied on the 

basis of the calculated duration of six modes. The initial 

current 𝐼𝑙0  is set as -30A, 𝐼2  is selected as 37.6A and 

winding load current 𝐼0 is chosen as 12A. 

 

The waveform figure is shown in the following Figure 3: 

 

 

 

 

 

 
Figure 3. Waveform from Matlab/Simulink 

 

The simulation results agree with the theoretical analysis, 

confirming the validity of this new topology. 

 

III. AN IMPROVED TOPOLOGY FOR THE SRM 

 

The proposed topology is shown below in Figure 4: 
V1

V2
Lr1

Lr2

V3

Cs1

Cs2

Cs3

Cs4

Cr

D1

D2

D3

D5

C1

C2

Phase A

V4

V5

Figure 4. Schematic of the improved soft-switching topology 
 

In this Figure 4, one phase of the SRM is also simplified as 

a constant inductance during the soft-switching period since 

it is short enough. And the parameter of the elements in the 

circuit is in the following Table 2: 

 
Table 2: Circuit Parameters for the Improved Topology 

E(V) 240 𝐿𝐴(mH) 0.01 

𝐶𝑟(nF) 25 𝐿𝑟(𝜇𝐻) 10 

𝐶𝑖 (pF) (i from 
1 to 2) 

0.1 𝐿𝑟1(𝜇𝐻) 10 

𝐶𝑠𝑖 (𝜇𝐹) (𝑖 𝑓𝑟𝑜𝑚 1 𝑡𝑜 4) 25 

 

𝑉1 , 𝑉2 , 𝑉3 ,  𝑉4 ,  𝑉5  are all IGBT in the schematic. This 

improved circuit has the advantage of controlling the zero 

voltage time by selecting the turning-on time of 𝑉2  [10]. 

And the theoretical waveforms of the elements in this 

topology are shown as follows in Figure 5: 
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Figure 5. theoretical waveforms for the improved topology 

 

This topology can be separated into eight modes. 

 

Mode I (0~𝑡0): both 𝑉2 and 𝑉3 are off while 𝑉1, 𝑉4, 𝑉5 are 

on during this period. Phase A is conducting. 

 

Mode II (𝑡0~𝑡1):  At the moment 𝑡0 , the switch 𝑉1 , 𝑉2 

and  𝑉4  are all been turned off with only 𝑉3  and 𝑉5  on. 

Because of the existence of  𝐶𝑖 , 𝑉4  is turned off at zero 

voltage. Meanwhile,   𝑉1  is also turned on during zero 

voltage stage.  𝐶𝑟, 𝑉3, 𝐿𝑟, 𝐶4 makes up a loop with 𝐶𝑟 and 

𝐿𝑟 starting their resonance. Because of no sudden change of 

current in 𝐿𝑟 , 𝑉3  is switched on under a zero current 

condition. At the beginning, 𝐶𝑟  is discharged while 𝑖𝑟  

increases until 𝑢𝑐𝑟  reaches 
𝐸

4
, then 𝑖𝑟  starts to decrease 

ending with 𝑢𝑐𝑟  getting to the zero voltage point. At the 

time 𝑡1, 𝐶𝑟 is clamped by 𝐷3 to keep a constant zero voltage 

situation. The equations of it are as follows: 

 

𝑢𝑐𝑟 = 𝐿𝑟 ∙
𝑑𝑖𝑟

𝑑𝑡
+

𝐸

4
                                                            (23) 

 

𝐶𝑟
𝑑𝑢𝑐𝑟

𝑑𝑡
= −𝑖𝑟                                                                   (24) 

 

The results are calculated as 

 

𝑢𝑐𝑟 =
𝐸

4
+

3

4
𝐸𝑐𝑜𝑠[𝜔𝑟(𝑡 − 𝑡0)]                                        (25) 

 

𝑖𝑟=
3

4
𝐸𝜔𝑟𝐶𝑟𝑠𝑖𝑛[𝜔𝑟(𝑡 − 𝑡0)]                                            (26)   

 

Therefore, we can get the duration of this period 

 

𝑇2 = √𝐿𝑟𝐶𝑟arccos (−
1

3
)                                                 (27) 

 

Mode III (𝑡1~𝑡2): since 𝐶𝑟 is clamped by 𝐷3,  𝐿𝑟 will begin 

to discharge under the reverse voltage 
𝐸

4
 until it arrives at 

zero point.  

 

𝑖𝑟 = 𝐼1 −
𝐸(𝑡−𝑡1)

4𝐿𝑟
                                                              (28) 

 

The time period is 

 

𝑇3 =
4𝐿𝑟𝐼1

𝐸
                                                                         (29) 

 

Mode IV (𝑡2~𝑡3): during this mode, no switches are on and 

the length of period can be controlled by deciding the 

turning on moment of  𝑉2.  𝑉3 is both zero voltage and zero 

current turned off. Therefore, the switching on moment of 

𝑉4 can be located during the zero voltage stage definitely 

without thinking about the value of 𝐿𝑟 and 𝐶𝑟. 

 

Mode V (𝑡3~𝑡4): 𝑉2, 𝑉4 and 𝑉5 are on while 𝑉1 and 𝑉3 are 

off. The phase winding is conducting. Because the DC bus 

voltage is zero, 𝑉4 is ZVS on and 𝑉2 is ZCS on as a result of 

the existence of  𝐿𝑟1. During this mode, 𝑢𝑐𝑟 still keeps zero 

voltage and 𝑖𝑟  increases reversely under the voltage of 
3

4
𝐸 

until it reaches the winding current 𝐼0. 

 

𝑖𝑟1 = −
3𝐸

4𝐿𝑟1
(𝑡 − 𝑡3)                                                        (30) 

 

Therefore, the length of this period is 

 

𝑇5 =
4𝐿𝑟1𝐼0

3𝐸
                                                                       (31) 

 

Mode VI (𝑡4~𝑡5): 𝐶𝑟  and 𝐿𝑟1  start their resonance and it 

lasts until 𝑢𝑐𝑟 reaches E.  

 
3

4
𝐸 = −𝐿𝑟1

𝑑𝑖𝑟1

𝑑𝑡
+ 𝑢𝑐𝑟                                                      (32) 

 

𝐶𝑟
𝑑𝑢𝑐𝑟

𝑑𝑡
= −𝑖𝑟1 − 𝐼0                                                         (33) 

 

Then we can get the result 

 

𝑢𝑐𝑟 =
3

4
𝐸 −

3

4
𝐸𝑐𝑜𝑠[𝜔𝑟(𝑡 − 𝑡4)]                                     (34) 

 

𝑖𝑟1 = −𝐼0 −
3

4
𝐸𝐶𝑟𝜔𝑟sin [𝜔𝑟(𝑡 − 𝑡4)]                             (35) 

 

𝑇6 =
1

𝜔𝑟
arccos (−

1

3
)                                                      (36) 

 

Mode VII (𝑡5~𝑡6): Since during this mode, |𝑖𝑟1|>𝐼0 , the 

voltage of  
𝐸

4
 is added to 𝐿𝑟1. 𝐶𝑠𝑖, 𝑉1, 𝑉2, 𝐿𝑟1 form a series 

loop. 𝑉1 is clamped by the diode, so it’s ZVS on during this 

period.  

 

𝑖𝑟1 = −𝐼0 −
√2

2
𝐸𝐶𝑟𝜔𝑟 +

𝐸

4𝐿𝑟1
(𝑡 − 𝑡5)                            (37) 

 

So the duration is 

 

𝑇7=2√2𝜔𝑟𝐶𝑟𝐿𝑟1                                                              (38) 

 



Asian Power Electronics Journal, Vol. 9, No. 2, Dec. 2015 

45 

Mode VIII (𝑡6~𝑡7) : 𝐿𝑟1  is still under 
𝐸

4
 voltage and the 

changing rule of 𝑖𝑟1 is the same as that in Mode VII. When 

𝑖𝑟1  reaches zero, 𝑉2  is ZCS off. Then a new circulation 

begins. 

 

𝑇8 =
4𝐿𝑟1𝐼0

𝐸
                                                                      (39) 

 

The simulation results during one time period of this 

topology is shown as follows in Figure 6: 

 

 

 

 

 

 

 
Figure 6. Waveforms from Matlab/Simulink of the improved 

topology 

 

Then the improved topology is added into a whole current 

chopping control (CCC) system for a 6/4 SRM. And the DC 

source voltage is changed to 120V with other parameters 

unchanged. CCC is a common control method for SRM. 

When a SRM is running at a low speed, it has a small 

rotating EMF and a high value of di/dt. Also, because of 

long period for inductance increasing, we usually utilize 

CCC to prevent overcurrent in each phase. It regulates the 

upper and lower limit of the permitted current and keep 

𝜃𝑜𝑛、𝜃𝑜𝑓𝑓 constant, in order to limit the value of current 

within an expected range. Its principle is in the following 

shown in Figure 7: 

 
Figure 7. 𝐼𝑝 is the chopping current of the winding with the upper 

limitation 𝐼𝑝 + ∆𝑖 and the lower limitation 𝐼𝑝 − ∆𝑖 

 

The simulation results of the waveforms on the basis of 

Matlab/Simulink are as follows in Figure 8: 
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Figure 8. Waveform from Matlab/Simulink of the improved 

topology when applied to a CCC system for a 6/4 SRM 

 

 

IV. COMPARISON OF THE IMPROVED SOFT-SWITCHING 

TOPOLOGY WITH THE CONVENTIONAL ONE IN THE 

APPLICATIONS OF ELECTRIC VEHICLES 

 

According to the analysis of the mode of the improved 

topology, all the switching elements achieve the ZVS or 

ZCS on-off, so the switching loss is zero. However, because 

of increasing the number of auxiliary switches and diodes, 

the conducting loss will rise. It is known that the losses 

include the sorts of switching and conducting. Therefore, a 

comparison of loss between the proposed improved 

topology and the traditional one is needed. 

 

The additional conducting losses come from the clamped 

diode of 𝑉1 , diodes 𝐷1 , 𝐷2 , 𝐷3  and IGBT 𝑉1 , 𝑉2 , 𝑉3 . 𝑓0  in 

the following equations is the switching frequency of 

current chopping control. 

𝑃𝐷 = 𝑓0𝑈𝑐𝑒 ∫ (−
√2

2
𝐸𝐶𝑟𝜔𝑟 +

𝐸

4𝐿𝑟1
𝑡

𝑇7

0
)𝑑𝑡                    (40) 

 

𝑃𝐷3 = 𝑓0𝑈𝑐𝑒 ∫ (𝐼1 −
𝐸𝑡

4𝐿𝑟

𝑇3

0
)𝑑𝑡                                       (41) 

 

𝑃𝐷2 = 𝑓0𝑈𝑐𝑒(∫
3

4
𝐸𝜔𝑟𝐶𝑟

𝑇2

0
sin (𝜔𝑟𝑡)𝑑𝑡 + ∫ (𝐼1 −

𝐸𝑡

4𝐿𝑟

𝑇3

0
)𝑑𝑡)                  

(42) 

  

𝑃𝐷1 = 𝑓0𝑈𝑐𝑒[∫ (−
3𝐸

4𝐿𝑟1
𝑡) 𝑑𝑡

𝑇5

0
+ ∫ (−𝐼0 −

𝑇6

0

3

4
𝐸𝐶𝑟𝜔𝑟 sin(𝜔𝑟𝑡)) 𝑑𝑡 + ∫ (−𝐼0 −

√2

2
𝐸𝐶𝑟𝜔𝑟 +

𝑇7

0
𝐸

4𝐿𝑟1
𝑡) 𝑑𝑡 + ∫ (−𝐼0 +

𝐸

4𝐿𝑟1

𝑇8

0
𝑡)𝑑𝑡]                                  (43) 

 

𝑃𝑉1
= 𝐼0

2𝑅𝑇1 + ∫ (
𝐸

4𝐿𝑟1
𝑡)2𝑅𝑑𝑡

𝑇8

0
                                     (44) 

 

𝑃𝑉2
= ∫ (

3𝐸

4𝐿𝑟1
𝑡)2𝑇5

0
𝑅𝑑𝑡 + ∫ [−𝐼0 −

𝑇6

0

3

4
𝐸𝐶𝑟𝜔𝑟 sin(𝜔𝑟𝑡)]2 𝑅𝑑𝑡 + ∫ (−𝐼0 −

√2

2
𝐸𝐶𝑟𝜔𝑟 +

𝑇7

0

𝐸

4𝐿𝑟1
𝑡)

2

𝑅𝑑𝑡+∫ (−𝐼0 +
𝐸

4𝐿𝑟1
𝑡)2𝑇8

0
𝑅𝑑𝑡                             (45) 

 

𝑃𝑉3
= ∫ [

3

4
𝐸𝜔𝑟𝐶𝑟 sin(𝜔𝑟𝑡)]2𝑅𝑑𝑡

𝑇2

0
+ ∫ (𝐼1 −

𝐸𝑡

4𝐿𝑟
)2𝑅𝑑𝑡

𝑇3

0
      

(46) 

 

Where D is the clamped diode of 𝑉1, 𝑈𝑐𝑒  is the forward 

voltage drop of a diode.  

 

For the hard switching period in a conventional topology 

for the SRM, the switching process of the voltage and 

current can be simplified as the following equation as: 

  

𝑢𝑐𝑒 = 𝐸 −
𝐸

∆𝑡
𝑡                                                               (47) 

 

𝑖𝑐𝑒 =
𝐼0

∆𝑡
𝑡                                                                        (48) 

 

𝑃𝑠𝑤 =
1

𝑇0

∫ 𝑢𝑐𝑒 ∙ 𝑖𝑐𝑒𝑑𝑡
𝑇0

0

 

       =
2

𝑇0
∫ 𝑢𝑐𝑒 ∙ 𝑖𝑐𝑒𝑑𝑡

∆𝑡

0
 

       =
1

3
𝐸𝐼0𝑓0∆𝑡                                                             (49) 

 

Where, the switching period 𝑇0 is 4 × 10−5s, voltage 

rising and current descending time  ∆𝑡 is 2 × 10−7s. 

 

In Table 3, power loss of both topologies is shown as 

below: 

 
Table 3: Power Loss Of The Conventional And Improved Topology 

n(r/min) Conventional Soft-switching Percentage 

saved(%) 𝐼0(A) P 𝐼0(A) P 

100 9.0 1.80 8.80 1.19 33.9 

200 9.8 1.96 9.60 1.30 33.7 

300 10.6 2.12 10.4 1.41 33.5 

400 11.3 2.26 11.1 1.51 33.2 

500 12.0 2.40 11.8 1.60 33.3 

600 12.6 2.52 12.3 1.67 33.7 

700 13.3 2.66 13.0 1.77 33.5 

800 13.8 2.76 13.5 1.84 33.3 

900 14.3 2.86 14.0 1.91 33.2 
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1000 14.8 2.96 14.5 1.98 33.1 

 

The comparison curve of both topologies for the power loss 

is shown in the following Figure 9: 

 

 
Figure 9. comparison of power loss for different topologies under 

various speed 

 

From the comparison between these two topologies, less 

power loss of the proposed topology is seen in the table and 

figure, about 33 percent of energy saving. Furthermore, 

with the vehicle speed increasing, the current produced by 

the DC source ascends, thus increasing the energy or power 

loss.  

  

VI. CONCLUSION 

 

This paper proposes two topologies of soft-switching for 

the SRM drive. Each topology is analysed theoretically and 

calculated by equations to gain the ideal waveforms of the 

auxiliary components in the soft-switching part. These 

topologies also have their own deficiencies. The first one 

has current flowing through the resonant inductance during 

normal conducting time increasing extra loss and the zero 

voltage period can’t be controlled. Furthermore, the 

auxiliary switching element is in the main circuit. As for the 

second improved topology, it solved most of the problems 

of the former one except one switching device in the main 

loop by adding another two assistant switching components. 

The waveforms of the above two topologies are confirmed 

by simulation based on Matlab/Simulink. Besides, the 

second improved topology is applied to the CCC system of 

a 6/4 SRM to prove that power loss of the proposed one is 

much less than the  traditional one under various running 

speed for EV. Therefore, the proposed topologies has their 

potential prospects in the application of EV motor drives. 
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Abstract – This design paper proposes few improvements on 

the existing electrical network in the aircraft system. It also 

suggests improvement in the starter circuitry by introducing 

super capacitors to reduce the number of batteries onboard to 

ensure improved safety and reliability. It proposes higher 

frequency of power distribution owing to several benefits. 

There are several advantages of high frequency AC power 

distribution over conventional DC distribution and low 

frequency AC power distribution. This paper explores the idea 

of employing switched capacitor and switched inductor 

converters to design multi-level inverters for high frequency 

AC power supplies for power distribution. 

 
Keywords – Electric Aircraft, Multi – level inverters, Switched 

– Capacitor, Switched – Inductor. 

 

I.  INTRODUCTION 

 

High frequency AC (HFAC) power distribution systems 

(PDS) have been popular since the 1980s when NASA 

proposed a 20 kHz, 440 Vrms, for their space station [1] & 

[2]. Since then HFAC PDS has emerged as a popular 

research area and has had several applications utilizing it. 

HFAC PDSs find application in telecommunication, 

renewable based micro-grid and computer power supply, 

aerospace and lighting systems. A comprehensive review 

on HFAC systems has been done in [3]. 

 

Basic power distribution architecture of HFAC PDS and 

DC PDS is clearly shown in Fig. 1 and Fig. 2. HFAC PDSs 

offer several benefits in comparison to conventional DC 

distribution systems. They include –  

 Cost reduction due to reduction in the number of power 

conversion stages. 

 Overall improved efficiency 

 DC PDS target low voltage high current PDSs. Such 

systems are extremely difficult to design and demand 

novel control and converter topologies for efficient 

operation. On the other hand, a high voltage AC, low 

current system can be easily realized in HFAC system 

by using a simple HF transformer that easily steps up 

the voltage. This helps in minimizing the copper loss. 

 Improved reliability with the number of power 

conversion operations decreasing thereby decreasing 

the semiconductor components 

 Galvanic isolation with high frequency transformer 

 DCPDS show poor dynamic response in comparison 

with HFAC PDS 

 Higher power density owing to high frequency 

operation. 

 

In spite of several exceptional advantages, there are a few 

drawbacks to the system as well, listed out below – 

 Higher Electromagnetic Interference (EMI) effect 

hinders HFAC applications 

 At high frequencies, skin and proximity effects 

increases leading to more loss. 

 High frequency power distribution amplifies impedance 

in the transmission line which makes it difficult to 

transmit power 

 Connecting high frequency inverters in parallel to 

realize higher power is difficult due to difference in 

phases of voltage. 

 

This design paper discusses the advantages of employing 

HFAC PDS systems on aircraft and also explores the idea 

of switched capacitor and switched inductor based 

converters’ role in designing multi-level voltage source and 

current source inverters respectively, for more electric 

aircrafts. Switched inductor converters can be derived using 

duality principle introduced by Prof. Cheng [4]. Switched 

inductor based converters are an attractive solution to be 

used current source inverters.  Section II introduces aircraft 

power system standards and discusses about the existing 

aircraft power system and suggests improvement on the 

same. Section III looks into HFAC multilevel inverters 

employing switched capacitor and possibly switched 

inductor topologies. Concluding remarks are given in 

section IV. 

 

II. POWER SYSTEM IN AIRCRAFTS 

 

The power system design and components of an aircraft 

must be extremely robust and must meet certain stringent 

standards before they are allowed to be employed onboard. 

Some of the important standards include: 

1. MIL-STD-704F – This standard focuses on the 

quality of electric power at the input terminals of 

the utilization equipment. However, this does not 

include EMI issues [5] 

2. MIL-STD-461E – This standard is to control EMI 

characteristics of electrical equipment of aircraft. 

[6]  

3. MIL-STD-810F – This looks into the stresses that 

the materials are under during the service period 

and material system performance requirements [7]. 

4. MIL-STD-1275D – This standard covers 

regulations for the 28 V DC power distribution 

systems in military vehicles including aircraft [8]. 

 

All the standards listed above are developed by the team of 

researchers from the department of defense, USA. The main 

focus of the standards is to ensure safety and compatibility 

among different systems onboard. All systems for an 

aircraft have to pass several such standards before they are 

employed in the aircraft. 

 

Conventional power distribution system of an aircraft is 

shown in Fig. 3. With advances in enabling technologies 
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Fig. 1. General DC Power Distribution Architecture 

 
Fig. 2. HFAC Power Distribution Architecture 

TRU DC – DC DC – AC 

APU

Power supply unit

Battery

Alternator

DC – DC 

270 Vdc

28 Vdc

235 Vac, 400 
Hz, 3 phase 

output

 

Fig. 3. Present aircraft electrical power system unit 
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TRU DC – AC 

APU

Power supply unit

Battery

Alternator
270 Vdc

235 Vac,  10 
kHz, 3 phase 

output

Super Caps

DC – AC 

36 Vac,  50 
kHz, 1 phase 

output

 

Fig. 4 Proposed electrical system architecture 

 

like power electronics, motor drives, improved thermal 

management and better materials, all electric aircrafts will 

soon be a possibility. All electric aircrafts offer improved 

efficiency, reduction in cost, better reliability, maintenance, 

improved reliability, batter maneuvering capabilities, 

enhanced safety and greener systems. A recent example is 

the electrical system of Boeing’s 787 dreamliner [9] [10]. 

 

From Fig. 3, it can be observed that the maximum 

distribution frequency is 400 Hz. There have been several 

papers on higher frequency range of power distribution for 

telecommunication, computer power supply, vehicular 

auxiliary power supply and micro grid applications [3]. It is 

imperative that we employ such systems inside aircraft for 

aforementioned advantages.  The proposed system, in Fig. 

4, replaces 28 Vdc system with a 36 V, 50 kHz power 

distribution system. The entire aircraft power distribution 

now is HFAC. This helps in higher power density operation 

which helps in reducing fuel consumption. HFAC operation, 

higher than 10 kHz, is safer for human than DC [11].  

 

The new design also incorporates super capacitors into the 

system. The main purpose of introducing super capacitors 

is for its high power density. It can be extremely useful 

during starting of engine where traditionally bulky batteries 

are used. Additionally, super capacitors are much safer than 

batteries as they utilize electric field whereas batteries use 

chemical reaction for energy conversion. Due to the same 

reason, super capacitors have quicker response time in 

comparison to batteries. Ideally, one can expect a battery 

free future electric aircraft. However, this is possible only 

if research leads us to high energy density super capacitors 

or reliable fuel cell technology. 

 

Super capacitors also play a crucial role in tapping the 

regenerative energy when the aircraft lands. Enormous  

 

 

weight thrusts onto the ground and this energy can be used 

by using the principle of regeneration of motors. Safe 

energy harvesting on a large scale is possible by employing 

large super capacitor banks that can sink in high magnitudes 

of current. This system design is not easy with only batteries 

as the power source as batteries have lower charging current 

rating in comparison with super capacitors and therefore all 

energy regenerated may not be successfully stored. 

 

III. HF MULTILEVEL INVERTERS 

 

There are plethora of advantages that multilevel inverters 

offer in comparison to traditional ones [11][12]. In general, 

they include –  

 

1. Better quality output voltage with lower 

distortions and dv/dt. 

2. Input current drawn has low distortion. 

3. Lower voltage rating and stress on semiconductor 

switches 

 

HFAC multilevel inverters are possible by using simple 

switched capacitor techniques as elaborated in [13][14]. 

These inverters fully utilize the features of multilevel 

inverters and apply it to high frequency power distribution 

systems. These multilevel HFAC inverters can be employed 

in aircraft systems. A distributed power system consisting 

of several inverters to cater to different areas of the aircraft 

loads under a unified controller for the entire aircraft would 

be a novel and practical design. Using the duality principle 

[4], future electric aircraft with solar panels embedded onto 

them can employ multilevel high frequency switched 

inductor based current source inverters. An example of 

switched inductor based multilevel CSI derived from 

switched capacitor based has been shown in Fig.5. 
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Fig. 5 HFAC 9-level switched inductor based CSI derived from switch cap based 

from [14] using duality principle 

IV. CONCLUSION 

 

This competition paper focuses on simple ideas to improve 

the existing electrical system of an aircraft and supports the 

global initiative for more / all electric aircrafts in future. The 

paper discusses the possibility of HFAC power distribution 

systems inside the aircraft to utilize several benefits it offers. 

Incorporating super-capacitors into the system offers 

several advantages during starting and regenerative braking. 

Multilevel switched capacitor and switched inductor based 

HFAC VSI and CSI respectively offer good features that 

improve the overall design of the power distribution system 

in an aircraft.  
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Abstract - This paper introduces a new 2-degree of freedom 

(2-DOF) switched reluctance motor for an electric vessel. The 

configuration, operation principle and algorithm of the new 

motor are described in detail. Moreover, the electromagnetic 

characteristics have been illustrated by using finite element 

method (FEM), and the simulation of the electric vessel also 

has been realized. A modified control method has been 

suggested as the control scheme to ensure innovation and 

stability of the electric vessel’s operation. Finally, the 

experimental results have suggested that the innovation and 

conveniences of the new electric vessel are better than that of 

conventional electric vessel, then the results of theoretical 

analysis and experiments has been proved the improvements 

of the electric vessel. 

 

Index Terms—2-DOF, switched reluctance motor, electric 

vessel, FEM 

 

I. INTRODUCTION 

 

Electric vessel, as a new type of electrical propulsion 

transportation, has been investigated for years. The motors 

are practically used for the high power transportations 

with a high degree of reliability, such as electrical vehicles, 

aircrafts and electric vessel.  

 

A two - dimensional rotating linear motor is usually used 

for the industrial motion control equipment. The two-

degree switched reluctance motor is an alternative to be 

selected to drive this motion, such as boring mill, drill 

press and carving machine, etc [1].  

 

The two-degree motions are required in surface motion or 

multi-axis applications, such as concentrating photovoltaic 

generation system in capturing the solar direct light to 

enhance power generation efficiency. The solar tracking is 

2-dimension as the solar path varies throughout a year.  

Conventional 2-degree of freedom motions are realized by 

combining two rotary or linear (RL) motors in two 

directions, integrating screw rods and mechanical gears. 

For example, helical motion induction machines are 

reported in ref [2] and [3]. By using those mechanical 

gears, both the position precision and efficiency of the 

motion system could be reduced because there are 

backlash, axis-coordination and losses generated by 

mechanical gears. This 2-degree switched reluctance 

motor can realize two-degree movements-rotary and linear 

movements, directly, which is similar to the multilayer SR 

motor reported in [4]. This proposed direct-drive scheme 

is able to solve the problem of the low efficiency and 

position control caused by backlash and extra mechanical 

losses in conventional 2-degree of freedom motion 

platform and hence the whole system efficiency is 

significantly improved. 

 

In addition, due to the simple mechanical structure of the 

proposed 2-degree of freedom switched reluctance motor 

characterized by low cost, high robustness, variable speed 

regulation, etc., the cost of the whole system could be 

reduced. Meanwhile, the 2-degree of freedom switched 

reluctance motor can operate well under high temperature 

as well as deteriorated working environment because this 

motor has no permanent magnet.  

 

The invention is the 2-degree of freedom switched 

reluctance actuator that consists of the frame, stator cores, 

stator coils, mover cores, air gaps between the stator poles 

and the mover poles, and the mover shaft, that integrates 

the longitudinal magnetic structure with the transverse 

magnetic structure, and relates to electromagnetic rotary-

linear actuators. Besides, combining pole structure and 

small tooth structure can further enhance the efficiency of 

the rotary-linear actuator that can realize linear motion and 

rotary motion simultaneously. 

 

The traditional form of rotating linear motion adopts two 

rotating motors or the combination of a linear motor and a 

rotating motor for implementation [5]-[7]. However, this 

combination not only increases size and weight of the 

drive, but also reduces working accuracy of the equipment. 

Therefore, to explore an integrated rotating linear motor, 

an optimized rotary-linear motor based on switched 

reluctance principle is presented. The structure of the 

motor for the vessel electrical propulsion system is also 

discussed and the structure of the motor is optimized in 

this paper. Until now, the integrated rotating linear motor 

is based on switched reluctance principle, which has been 

preliminary researched. A rotating linear switched 

reluctance motor presented in [8], is to integrate rotating 

motion and linear motion based on the minimum 

reluctance principle, while to achieve rotating linear 

motion, and to reduce volume of the driver and increase 

accurate position control. However, the coupling of this 

linear motor has occurred when both rotating motion and 

linear motion, and the motion of rotating and linear are 

produced by the same coils, so the motor will produce 

unwanted linear directional force upon the movement of 

rotating motion, and vice versa. A method of decoupling 

control for the reduction of coupling effect of the motor’s 

operation has been proposed [9]; to excite reasonable 

distribution control current of the motor stator coil, and the 

decoupling of both rotating motion and linear motion have 

been implemented. Therefore, the control accuracy has 

been improved. Since the motor is based on the principle 

of switched reluctance, so the efficiency of switched 

reluctance is lower than other motors, and the force 

volume ratio is relatively poor [10]. Even the rotating 

linear motor has been controlled by the method of the 

decoupling, but cannot solve the problems of the lower 
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conversion efficiency, the smaller torque and linear 

direction force [11], [12]. 

 

The paper presents an optimized rotating linear motor, and 

it is applied to the electric vessel. In the paper, firstly, a 

new structure of the motor is proposed. The mathematical 

model of the two - dimensional rotating linear is 

established. Secondly, through the finite element analysis 

of the motor, internal electromagnetic field distributions of 

the motor and force characteristics of the motor are 

obtained. Experiments are carried out to study the accurate 

control of motor. Thirdly, to control the position of motor 

and to realize the angle and position control, an 

optimization is needed to resolve the electrical propulsion 

performance, and also to improve the force to volume ratio.  

 

II.CONSTRUCTION OF THE SYSTEM 

 

A. Mechanical structure and basic control method 

of the electrical propulsion system 

The new electrical propulsion system is only based on one 

two-degree switched reluctance motor to complete all 

propulsion operation, the two-degree switched reluctance 

motor have connected with propellers, which is shown in 

Fig.1. Therefore, in the Fig.2, the direction control is 

achieved by the linear motion of the motor and the linear 

acceleration control is achieved by the rotating motion of 

the motor. To compare with traditional electric vessel 

propulsion system, not only the operation of electric vessel 

is more hommization and convenience, but also the 

operation precision is improved. The electric vessel is 

readily for industrialized production.  

 

 

 
Fig.1 Mechanical structure of the electrical propulsion system  

 

 

B. Actual structure of the motor 

Fig.3 (a) is the mechanical configuration of the two 

degrees of freedom switched reluctance motor; Fig. 3 (a) 

is left view of the motor. It mainly consists of a linear 

guider, the first part and the second part. Both parts have 

teeth and slots. When each phase is excited, the second 

part will rotate to the position at which all teeth of the two 

parts are directly opposite. Fig.3 (b) is front view for the 

motor. As shown in the figure, the first part has three 

phases named as phase A, B and C, respectively. The 

second part has five units fixed on the linear guider. Two 

bearings are used to guider the movements of the second 

part both in rotary and linear directions. When phase A is 

excited, the second part will shift to left. Also, if phase C 

is excited, it will move to right. Therefore, the second part 

can realize linear motion to left by exciting phase A, C and 

B in sequence. The main specifications are listed in Table 

I. 

 

                            
Fig.1 Basic control method of the electrical propulsion system 

 

 

 

 
(a)                                               (b) 

Fig.3 The mechanical configuration of motor 

 

 

The magnetic field generated by the concentrated coils 

passing current, rounding the core in the first part, attracts 

the second part. Based on the minimum reluctance 

principle, a unit of the second part will move to the 

position, which has the minimum reluctance, thus 

producing electromagnetic propulsion or torque. By 

controlling currents passing in the coils of the first part, 

the generated propulsion and torque will drive the second 

part and then it will realize rotary and linear motions 

simultaneously. As shown in Fig.3 (b), when the second 

part shifts linearly, phases A, B and C should be excited in 

turns. For example, phase B is totally aligned in the figure. 

At the position the second part would move left if phases 

A, C and B are excited in sequence and vise versa. For the 

first part, there are several small teeth in each pole and 

there are eight poles of each phase of the motor. The 

working rules probably the same as common switched 

reluctance drives, namely through controlling the ON/OFF 

conditions of the first pole. All of A, B and C phrase 

positions were fixed with one shaft, which would be led by 

two bearings in order to realize linear and rotational 

motions. 
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1) Mathematic mode 

Equation (1) is the voltage equation for both rotary and 

linear parts [13]. 

 

                          f dv
V R I

dt



                         (1) 

 
AndV

is the input voltage and I is current for the uth coil 

(u is1-6). R
is winding resistance for the coil, and f is 

flux-linkage confirmed during excitation. 

 

The rotary-linear machine consists of a coupled RL 

electromechanical system. From the rotary part with each 

stator ring, and equation (2) is the machine generalized 

torque characteristic T as, 

 
                          

LT Q G T                               (2) 

 

where the moment of inertia is Q , rotational friction 

coefficient is G . Angular position is  and load torque 

is
LT . For the linear motion, the generated force F is 

 
                         

LF Sz Nz F                             (3) 

 
whereas mass of the moving shaft is m , and linear friction 

factor is L . The linear position and thrust force 

are x and
LF , respectively. Assume the magnetic circuit is 

not saturated in the linear motion region. Toward the 

phase inductance, the influence can be neglected for the 

phase current [22], also force can be estimated as, 
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           (4) 

 

 

And
1L and

2L are total inductances, and 1i and 2i are the 

two stator rings current, respectively. It can be found that 

the torque and force generation are both dependent on 

phase current of the stators. The stator ring for linear 

motion in the mean time can generate the torque. 

Consequently, the magnetic paths are nonlinear and highly 

coupled. 

 

2) Electromagnetic characteristics  

In order to analyze the magnetic field distribution and 

properties of the motor, FEM is employed. The mesh 

model of the motor as shown in Fig.4, actually, it is a 

model with symmetrical structure, which subdivides the 

computational nodes and reduces calculation time. It can 

be concluded from the figure, subdivision of the air gap 

between two parts is intensive, and the more unions of 

subdivision were set, the higher quality of computation 

could be obtained. 

 

 
Fig.4 is the distribution of magnetic flux lines in the motor  

When it works, it is clear to see that the electromagnetic 

torque or propulsion is produced when the magnetic flux 

lines are closed from the first part to the second. The flux 

linkage will be built when the coils are excited. When the 

motor moves, the magnetic lineation of the field coil is in 

the same flat with the second part. Fig.5 describes the 

distribution of magnetic lineation when the second part 

moves in the position that is not aligned with the first part. 

When the motor works in the linear direction, magnetic 

flux line is vertical with the direction of the linear 

direction, which is different from the principle of 

producing tension when the motor moves. So the motor 

can produce not only torque, but also the propulsion in the 

linear direction, thus decreasing the volume of the two 

dimensional motions actuators and simplifying the execute 

components. In addition, there is no need to add any 

intermediate mechanical converters because both of the 

torque and linear propulsion of the motor are direct-drive 

mode, which can realize the precise position control. 

 

 
Fig.5Magnetic field distribution of the motor in rotary direction 

 

 

 

 
Fig.6 Magnetic field distribution of the motor in linear direction 

 

From the distribution of magnetic field, the rectilinear 

motion of the motor and the magnetic field both come 
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from the same coil, thus, the motor in rectilinear motion 

will produce the torque of rotational motion. There is 

coupling between them, however, it is acceptable to avoid 

the coupling by a kind of decoupling controlling method, 

in order to realize the high quality controlling. 

 

Fig.7 and Fig.8 are the waveforms of FEM calculation 

from the torque and rectilinear directions.  Fig.7 is the 

waveform of measured torque data. Any phrase position 

excites, the maximal torque is 0.71N.m, and the torque 

will not increase accordingly under large current, because 

the motor has saturated, the permeability of 

magnetic material and the volume of motor limit the 

increase in magnetic field intensity, which can make the 

increase in torque inconspicuous.  

 

TheFig.8,that the propulsion of the motor is increased with

 therising of phase current because it is hard to reach the sa

turated point to the motor as it moves from unaligned Posit

ionton aligned position, during which the reluctance is big 

enough. This figure shows the propulsion profiles 

corresponding to all positions during a stroke. The linear 

propulsion is relatively low and up to 10N at the rate 

current. 

 

 
Fig.7 Torque output with different currents 

 

 

 
Fig.8 Force output profiles corresponding to position 

 

From the analysis above, this two-degree 

of freedom stabilized platform motor can directly realize 

the motions of linear and rotary movements.  

 

III.POSITION CONTROLLER DESIGN FOR THE TRACKER 

 

Two PID controllers are employed for linear and rotary 

motions [14] for the tracking system and the whole control 

scheme is expressed in Fig.9.  

 
Fig.9 Control block of the motor 

 

The control system is divided into two parts. On one hand, 

a controller regulates the linear motion whose axis is 

responsible for the perpendicular motion for the electric 

vessel. On the other hand, another controller gives the 

horizontal movements for the system controls in rotary 

motion. The feedbacks of both the two axis positions of 

angle and linear displacement are sampled by a sensor 

which tracks movements of the sun. Controllers output the 

force and torque reference commands for the force to 

current and torque to current distribution parts [15]-[17]. 

Finally, the two distribution parts output current 

commands for the divers to the motor. The trajectories of 

the two axes for the motor are obtained in the end as 

shown in Fig.9. The simple PID controller can be applied 

in angular and linear position control with control 

parameters in Table I. 

 
Table I. Parameters of position controllers 

 

Parameters          Angular position                  Linear position 

controller                          controller 

P                        0.410                              32.5 

I                         6.006                               2.2 

D                       0.005                              0.008 

 

 

 

IV.EXPERIMENTAL RESULTS 

 

The achievements of experimental is shown in Fig.10, 

with A DSPACE DS1104 controller card, the encoders 

collect the position feedback with two channels of 

quadrature encoder pulse interface, also for each stator, the 

controller card generates the current reference of any 

phase. Lastly, the six current drivers generate the phase 

current outputs. 

 

 
 

 

 



Asian Power Electronics Journal, Vol. 9, No. 2, Dec. 2015 

56 

 

 

 
              (a) 

 

 

 

 

 
         (b) 

Fig.10(a) Position control performance for rotary and linear 

motion (b) Dynamic error response 

 

In Fig.10 (a) and (b) proved the position control 

performance and the theory of dynamic tracking error 

response. The results shows that the proposed two-degree 

freedom of SR motor not only has a high position tracking 

precision of less than 0.4°, but also the performance of the 

period of working is stable and reliable. Consequently, the 

achievements of theory analysis and FEM have been 

proved by the improvements of the proposed setup 

 

 

 
(a) 

 
(b) 

Fig.10 (a) and (b) are the prototype of the 2-degree freedom of 

SR motor 

The structure of the proposed motor is shown in (b) and 

(C), its features and operated performance have been 

discussed in detail above.  

 

V.CONCLUSION 

 

This paper proposed a modified electric vessel based a 

new 2-degree of freedom SR motor, also its analysis of 

theory, configuration and control method are described in 

detail. Lastly, the achievements of experiment have proved 

the improvements of the modified electrical propulsion 

system of the vessel. Using a 2-degree SR motor to replace 

the two conventional motors is novel for such application.  

The proposed electric vessel is not only simplifying the 

operation method, also promoting the direction precision. 

Consequently, the experiment has proved the 

improvements of the system, and it will be used for wider 

industrial applications with its attractive superiority. 
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