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ABSTRACT 

This paper presents a cascaded H-bridge multilevel inverter with single DC source. Generally, each phase of the multilevel 
inverter requires ‘n’ number of DC sources for 2n+1 level. In this paper we have proposed a multilevel topology which 
requires only one DC source for all the three phases and other sources are replaced by ultra capacitors. Initially, the 
performance of multi level inverter has been studied by including all DC sources. Finally a single DC source is allowed and 
remaining n-1 DC sources are replaced by ultra capacitors. An adaptive PI controller is introduced for automatically 
maintaining the voltage level of capacitor and we use higher number of output levels to increase the quality of power. 
Comparison between both the cascaded multilevel inverter using DC source and ultracapacitor as source has been 
studied and it shows that the overall performance of ultracapacitor source is better than that of DC source. An experiment 
has been performed and the result shows that the proposed system is suitable for medium power applications. 
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I. INTRODUCTION  

Multilevel inverters are more familiar in industries for high power applications. A new topology for sub multilevel inverter 
has been studied by Mohammed et al [1]. This method utilizes less number of DC voltage sources, switches, and standing 
voltage on the switches that are analyzed by symmetric and asymmetric cases. Multi level inverters are used in motor 
drivers of EVs. The benefits and control scheme of cascaded multi level inverter has been analyzed. A new control 
method for stabilizing the voltage of multilevel inverter is tested under various conditions. It consists of single phase full 
bridge unit for all the phases and it produces an output waveform of 11-levels [2]. Multilevel inverters has low frequency 
ripple and it is transferred to the load, produces undesirable distortion in the voltage and current. A simple feed forward 
method has been introduced to avoid the ripple for carrier based modulation. The system automatically tracks the 
fundamental components and rejects the ripple harmonics [3]. A support vector machine and fuzzy based harmonic 
elimination method is introduced for multi level inverter. The distortion can also be eliminated by changing the switching 
angle and the frequency input given to the inverter [4]. A new topological method for 500HP induction machine with multi 
level inverter has been proposed by Madhav and Thomas [5].  

Different design parameters such as capacitor voltage balancing, spectral structure have been discussed. Comparative 
study of symmetric and anti symmetric, seven level H-bridge inverter for induction motor for lower switching losses and 
output voltage optimization. In this comparison, asymmetrical structure provided the output very close to sinusoidal with 
very low distortion and less switching devices [6]. A multilevel inverter with less number of switches is used for driving 
motor and it allows operating in regenerative mode. A new control scheme is introduced for balancing the capacitor 
voltage without any phase shift and the input harmonics which also can be eliminated [7]. Topologies used in multilevel 
inverters are important in high power control applications. Three different topologies with various modulation techniques 
have been discussed by Jose et al [8]. Renewable energy utilization becomes popular and power electronics is required 
for interfacing source to the grid. Cascaded multilevel inverters are widely used to interface different renewable sources. A 
dual buck topology was used in the multilevel inverter along with control algorithm is introduced for reducing the ripple 
current [9]. Multilevel inverters with more voltage levels will provide high quality output.  

A single multi voltage source is introduced to achieve more number of levels and less number of switches. A comparison 
study was performed between conventional topology and the single source topology [10]. Multilevel inverters require 
individual DC source for a cell. A new control algorithm with phase shift modulation is used in the cascaded H-bridge for 
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good voltage regulation [11]. A cascaded H-bridge inverter is introduced for an electric vehicle with direct torque control 
scheme was studied by Farid Khoucha [12]. This system produces almost sinusoidal output with very less distortion. 
Asymmetrical multilevel inverters are optimized and require more number of independent power sources. A new high 
frequency link was introduced for 27-level asymmetric inverter which had been studied by Juan et al [13]. This scheme 
reduces the number of voltage source by one. A general method of generating space vector pulse width modulation for 
multilevel inverter has been studied and it can be extended for n-levels [14]. A generalized algorithm has been developed 
for controlling the switching functions of the multilevel inverter. Comparison of different parameters of both the battery and 
ultracapacitor (ucap) are shown in Table 1. The remainder of this paper is organized as follows: section 2 describes the 
overview of proposed system; section 3 describes the proposed single DC source topology; section 4 explains the 
simulation results; and finally, conclusion is discussed in section 5. 

II. SYSTEM DESCRIPTION 

The master switches (MS) and the two stage H-bridges for each phase denoted by HR1, HY1, HB1 and HR2, HY2, HB2 are 
interfaced with the ucap module. It has various capacitance values which contains different racks. The power supplies 
required for a 27 level inverter using this topology is 7, which can be replaced by only one with the help of ucap module. 
Each phase of the multilevel inverter is interfaced with the ucap module and the output of H-bridge is connected to the 
induction motor (IM) is shown in Fig. 1.  

 

 

Figure 1.  Proposed single DC source topology 

The switch MSR is in series with the two H-bridges HR1, and HR2 with respect to R-phase. The suffix R, Y, B indicates each 
phase of the inverter and H1, H2 represents the first and second H-bridge respectively.   

The three main switches MSR, MSY, and MSB are connected in parallel to the single DC source. The source voltage of 
MSR, HR1, HR2 can be adjusted in such a way that the ratio 6:2:1 should be maintained in the DC link voltage of R-phase 
(line-to-neutral) for avoiding additional voltage distortion. The gate signal is generated with the help of triangular carrier 
wave and compared with the reference signal. Both the frequency and magnitude of the sinusoidal pulse width modulation 
(SPWM) depend on the frequency and magnitude of triangular carrier wave. For n-level inverter, we require (n-1) level 
shifts of carrier for comparing the 3-phase reference signals [16] and [17]. 

The novelty of the proposed multilevel inverter is: 

 The number of DC sources will be reduced.  

 The proposed inverter structure produces more voltage levels and less THD. 

 Coupling transformers are not necessary. 

 Ultra capacitors are used so that extra filters are not necessary and the output waveform also has less distortion. 

In this study, we are measuring different parameters for one phase (R-phase) for simplicity and it assumes that the 
parameters are equal for other phases. 



   I S S N  2 3 2 1 - 8 0 7 X 

    V o l u m e  1 2  N u m b e r 1 9  

   J o u r n a l  o f  A d v a n c e s  i n  c h e m i s t r y    

5124 | P a g e                                        

N o v e m b e r  2 0 1 6                                            w w w . c i r w o r l d . c o m  

III. CASCADED TOPOLOGY WITH ULTRACAPACITOR 

Reduction of voltage source is required in cascaded multilevel inverters particularly when used in EVs. The 
combinational topologies have more advantages than the fundamental topologies. The power quality depends on the 
number of levels used. In this work we have proposed single DC source topology combined with ucap module as a 
source. 

3.1. Switching Level of Cascaded Multilevel Inverter 

The H-bridges  used to form cascaded multilevel inverter with three stages are considered. The DC sources VR1, VY1, 
VB1 and   VR2, VY2, VB2 are connected with the H-bridge H1 and H2 respectively. The MS present in each phase is 
connected to DC source and the discontinued lines of second and third stage indicates that the replacement of DC source 
by ucap. Generally, 'n' number of cells can be connected in series and one source is enough per phase [18].      

The proposed scheme is an efficient method for multilevel inverter  producing high quality power. This is an excellent 
method where only one DC source has been used and is useful for vehicles such as electric scooter, electric cars, and 
home appliances etc. The voltage levels can be controlled easily by knowing the voltage of all the floating capacitors [19]. 
The voltage across the capacitor C1 is Vm/2 and voltage across capacitor C2 is -Vm/2. Each cells of the proposed inverter 
has 3–levels, eventhough the multiplying effect of 3 cells produces 27-levels if the voltage is set appropriately. The voltage 
source Vm which is three times greater than the source voltage of first auxiliary H-bridge (H1) connected to all the three 
phases. The battery voltages VR1, VY1, and VB1 are two times greater than the voltages VR2, VY2, and VB2 (here the battery 
source is replaced by ultracapacitor so both the voltages are equal in this case). Further, the suffix indicates phase of the 
motor. For example, if VC1=VC2=108V, VR1=VY1=VB1=36V and VR2=VY2=VB2=18V. This method automatically reduces the 
number of additional sources so that it will also reduce the weight and increase the life of the particular system (refer table 
1).   

Table 1. Comparison of battery versus ultra-capacitor [15] 

 

 

 

The structure of cascaded multilevel inverter with single source is shown in Fig. 2. 

 

 

 

Figure 2.  Cascaded 27 level inverter with ultracapacitor source 
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The capacitor connected in the inverter affects the 3-phases (R,Y,B) through the switching transistors TR1, TR2 and TR3. In 
the switching transistor the suffix R, Y, B denotes three different phases and 1, 2, 3 represents the count number 
respectively. The capacitor C1 makes TR1 OFF and TR2 ON through the clamped diode and the complement transistors 
TR1' and TR2' performs the complement of the above [20]. In real time implementation, a fixed delay is provided between 
the transistor TR1, TR2 and its complements TR1' and TR2'. In this study we consider small delay (25 micro second) between 
both the transistor pairs. If the voltage is negative with respect to mid-point (N), the current iR flows through the junction A 
by the capacitor C1, if it is positive the current iR flows through C2. 

3.2.Switching Level of Cascaded Multilevel Inverter 

The voltage level between A and N is VAN = Vm/2, VBN=-Vm/2. For voltage level Vm/2, the switches TR1, TY1, and TB1 are 
turned ON; for the voltage level -Vm/2, the complementary to the above set will turned ON. A small delay of 25 micro 
second was given between each switch and its complements. The switching level of MS, H1, and H2 of R-Phase output 
with respect to N is written in the following condition: 
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This topology has 27-voltage levels and the switching states of MS, H1, and H2 are varying according to (1). The switch set 
of MS for R-phase varies 3 states, the switches of H1 of R-phase varies 3 distinct state for each state variation of MS and 
the switches of H2 of R-phase varies 9 distinct states of each state variation of MS [21] and [22]. According to (1), the 
different switching conditions and the voltage between R-phase to mid-point are as follows:  

state (i) : MS=0, H1 and H2 has different states as: 

H1 = H2 =0;   VAN  =  -Vm/2 - VR1 - VR2                                                                                                                                                                           

H1 = 0, H2 =1;  VAN  =  -Vm/2 - VR1                                                                                                              

H1 = 0, H2 =2;  VAN  =  -Vm/2 - VR1 + VR2                                                                                                              

H1 =  1, H2 =0;  VAN  =  -Vm/2 - VR2                                  

H1 = 1,  H2 =1;  VAN  =  -Vm/2                                                                                                              

H1 = 1,  H2 =2;  VAN  =  -Vm/2 + VR2                                                                                                              

H1 = 2, H2 =0;  VAN  =  -Vm/2 + VR1 - VR2                                                                                                              

H1 = 2, H2 =1;  VAN  =  -Vm/2 + VR2    

H1 = 2, H2 =2;  VAN  =  -Vm/2 + VR1 + VR2    

state (ii) : MS=1, H1 and H2 has different states as: 

H1 = H2 =0;   VAN  =  -Vm/2 - VR2                                                                                                                                                                           

H1 = 0, H2 =1;  VAN  =  - VR1                                                                                                              

H1 = 0, H2 =2;  VAN  =  - VR1 + VR2                                                                                                              

H1 =  1, H2 =0;  VAN  =  - VR2                                  

H1 = 1,  H2 =1;  VAN  =  0                                                                                                            

H1 = 1,  H2 =2; VAN  =  VR2                                                                                                              

H1 = 2, H2 =0;  VAN  =  VR1 - VR2                                                                                                              

H1 = 2, H2 =1;  VAN  =  VR1    

H1 = 2, H2 =2;  VAN  =  VR1 + VR2  

state (iii) : MS=2, H1 and H2 has different states as: 

H1 = H2 =0;   VAN  =  Vm/2 - VR1 - VR2                                                                                                                                                                           

H1 = 0, H2 =1;  VAN  =  Vm/2 - VR1                                                                                                              

H1 = 0, H2 =2;  VAN  =  Vm/2 - VR1 + VR2                                                                                                              
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H1 =  1, H2 =0;  VAN  =  Vm/2 - VR2                                  

H1 = 1,  H2 =1;  VAN  =  Vm/2                                                                                                              

H1 = 1,  H2 =2;  VAN  =  Vm/2 - VR2                                                                                                              

H1 = 2, H2 =0;  VAN  =  Vm/2 + VR1 - VR2                                                                                                              

H1 = 2, H2 =1;  VAN  =  Vm/2 + VR2    

H1 = 2, H2 =2;  VAN  =  Vm/2 + VR1 + VR2    

3.3. Ultracapacitor 

Power electronics are playing a key role in power conversion systems such as renewable sources, industrial drives, home 
appliances, transportation, power generation etc. These applications require a device which has short time for storage and 
restoration of energy. The total charging and discharging time should be around tens of seconds. The ucap is f it for this 
purpose. Ucaps have high energy which is several times greater than that of traditional capacitors. It does not have any 
chemical reaction, and the number of charging and discharging cycles are 3500 times greater than that of battery. For the 
proposed multilevel inverter topology, we can replace the DC sources by ucaps. Batteries are used in high power 
applications but are replaced frequently; the ucaps provides solution through better life time and reliability. The equivalent 
circuit model of ucap [4] and [23] is shown in Fig. 3.  

 

 

              Figure 3. Equivalent circuit model of ultacapacitor 

For a UC, three types of models are familiarly used: the dynamic model, the classic model, and the multi-stage ladder 
model. Here we used dynamic model based on [28]. The model consists of a series resistance, three RC networks and a 
bulk capacitance. The transient behavior of Ucap can be captured by the dynamic model over a wide range of 
frequencies. The output equation with continuous time state space equation are given by       
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Where iRuuuuV so  321
, u0 denotes the bulk capacitance, u1,u2 and u3 represent the voltages of the three RC 

networks, Rs represents the series resistance and V is the output voltage. According to (2), the values of resistance and 
capacitance were computed and are shown in Table 2.  

Table 2. Estimated resistance and capacitance values 
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3.4. State of charge  

The state of charge (SOC) of the ucap can be modeled by using Ceraolo model and each elements of the circuit should 
be identified by various SOC [24]. Here we are considering a lead-acid battery which can draw the charge with constant 
discharging current. The measurement of capacity also depends on the discharging voltage. The capacity of the battery at 
constant discharge current (I) and constant electrolytic temperature β (

o
C) can be expressed as: 


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
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


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f

o 1 (I)C ),(



 =IC   (3) 

Where βf is the freezing temperature of electrolyte normally the value is assumed at -40
o
C, Co is an empirical function of 

discharge current. Moreover, according to [24] Co(I) can be expressed with respect to the reference current I* as:  
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Where Kc and γ are empirical coefficients, the value is constant for a given battery and the corresponding value of I
*
. 

Equation (4) provides good results in a wide range of currents around I
*
. The equations (3) and (4) are applicable when 

the current and electrolyte temperature are constant. During transients the filtered current Iavg must be taken and the 
capacity for the actual electrolyte temperature, C=C(Iavg,θ). The SOC of the battery can be calculated from the charge and 
capacity with a given temperature as:  

 

 *I/  -1 CKQ=SOC cB   (5) 

The depth of discharge (DOD) of battery is given by  

 θ,ICQ=DOD B mean  -1   (6) 

where QB is the available charge of battery, 

t

mB dttItQ
0

)()( , C is the capacity of battery, and Imean is the mean 

discharge current.  

3.5. Battery Sizing 

The batteries present in the H-bridge cells are replaced by ucap module (refer Fig. 2). If the capacitors are not present, 
the battery size must meet the peak current in the discharging period. Most of the multilevel techniques used only DC 
source as supply voltage. In that case, the battery pack can be calculated as 

Battery pack size = (Ah requirement x duration)/DOD 

In this study we used ucaps as DC source so the battery pack size becomes 

battery pack size = Average current x Discharge period 

3.6. Ucap Sizing 

The life time of ucap is much greater than that of battery and it delivers the maximum current for the duration 12-15 
minutes which depends on the manufacturer. The sizing of ucap is slightly different from the battery and the voltage drop 
must be taken into account here. A 1000 F Maxwell ucap with series resistance of 0.04 Ohm has been taken for sizing. It 
must be properly selected for design in such a way that the voltage drop should be within the load limit. In series and 
parallel connections, discharging period and the resistance also affect the voltage drop of the ucap and it is given as: 
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=V P

P

S

d

IC
                                                           (7) 

where Vd is the voltage drop, Cs is number of capacitors in series, Cp is number of capacitors in parallel, R is the 
equvalent resistance in series, and Dp is the discharging period. 

3.7. Capacitor Voltage Control  

The voltage level of ucaps present in H1 and H2 should be maintained and it is a difficult task. The cascaded multilevel 
inverter control is based on the PWM that adjust the ON and OFF time of the inverter. The adaptive control mechanism  
used to control the capacitor voltage is shown in Fig. 4.  
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Figure 4. Adaptive ultracapacitor voltage control 

The error between the reference and measured voltage of ucap of H-bridge is processed by the PI tuning mechanism. It is 
a robust tuning system for the PI controller. The PI tuning strategy can be adjusted by the parameters of PI controller as a 
result charge and discharge of ucap. The capacitor voltage of all the three phases can be done by using this closed loop 
regulation.         

We consider the ultracapacitor dynamics and uncertainties, and a predictor is introduced to model time delay, in 
addition to PI controller [32,33]. If the time constant, Tc is assumed to be known and the plant dynamics is expressed as: 
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In this work, the time delay of the plant is known and Tc can be derived from (1) in terms of the plant parameter γ, 
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The predictor transfer function is given by 
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Hence (8) and (9) can be written as 
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Now we represent the estimate of γ and Tc by 
cT and 


 , the predictor can be constructed by    
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the close loop transfer function of the system from the reference signal, γ to the system response. The adaptive PI 

controller can also be represented by the relation 
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We assume that the plant parameters slowly change with respect to time and the output, y can be represented as a 
function of reference signal as: 
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By using instantaneous cost function [33],  
2
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, and the adaptive law based on gradient algorithm is expressed as 
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Where the estimation error, μ=y-ym, the adaption gain, α > 0. We now that ym is independent of  cT


,  therefore, 
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 and (13) can be expressed as 
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The value of μ can be measured once we know the value of y and ym. The adaptive law can be implemented by knowing 
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For simplification, 
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Now the partial derivative of y with respect to m is given by 
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The sensitivity of gradient based adaptive law cannot be computed because the value of  v contains an unknown, cT


.Now 

we define 1v , and (18) becomes 
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Now the adaptive law based on (13) becomes 
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IV. SIMULATION AND EXPERIMENTAL RESULTS 

4.1. Simulation Results  

The simulation was developed by using Simulink tool which is present in Matlab 2015. The components such as 
battery, ucaps, and delays etc. have been developed and interface with the power electronics. The output was taken from 
A-N for R-phase ie: phase to mid point. Before integrating all the components, we have to identify proper functionality of 
each component. The performance of battery model is compared with the dynamic model of battery explained by Ceraolo 
[24]. The battery parameters used for the simulation model is given in Table 3.  
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Table 3. Different parameters of battery and ucap used for simulation 

  

 

Comparison of harmonic analysis is made between the proposed with other methods such as hybrid cascaded 
multilevel inverter (HCMI) [29], phase shift and step wave modulation applied to symmetrical cascaded multilevel inverter 
(SCMI) [30] and an experimental investigation of multilevel inverter with digital controller (MIDC) [31]. The performance is 
also compared with these three methods with the proposed method through various parameters measured by simulation.   

During discharge, the battery will supply enough voltage and it will acts as an open circuit voltage when the load is 
ideal. The measured and modeled voltage is as shown in Fig. 5.  

 

Figure 5. Comparison between modeled and measured voltage of battery 

It illustrates that the model under both the load and no-load conditions and one can easily understand that the battery 
voltage takes around 3 seconds to reach its no-load. It was observed that the model produces less than 2% error for all 
the simulation times. A single cell voltage and current of battery and ucap module is shown in Fig. 6 and 7 respectively.  

 

Figure 6. Measured voltage of battery and ucap module 
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Figure 7. Measured current of battery and ucap module 

The voltage of ucap varies more than that of battery voltage under load condition. The battery current is more fluctuating 
than that of ucap. During starting time of load, the current of both the battery and ucaps are almost constant and after that 
both are varying according to the load.  

The simulation was performed for the multilevel inverter by using DC sources and the source of H-bridges is replaced by 
ucap. The simulink model for the 27- level cascaded multilevel inverter is shown in Fig. 8. 

 

Figure 8. Simulink Model for Single DC source cascaded multilevel inverter 

 The sizing of battery was done and the maximum capacity is 100Ah for this case. The ucap is sized in such a way that the 
maximum current of 65A will be for 12 minutes. The ucap cells of 400 F combined with a bank of 6000 F was used in the 
simulation. In the multilevel inverter testing, the SOC of the battery is considered as it was fully charged initially. The 
current, voltage, harmonic distortion, and the SOC of both the ucap and the battery present in the multilevel inverter were 
studied. The output voltage of 3-phase cascaded multilevel inverter and current for the corresponding R-phase with all DC 
source is shown in Fig. 9.  

 

Figure 9. Output voltage of 3-phase inverter with R-phase current (all DC source) 

The 3-phase output voltage and the corresponding R-Phase current is taken. Here the voltage sources were used with the 
ratio 1:1/3:1/6. The voltage source of MS =108V, HR1 = 36V, and HR2 = 18V. The output waveform has 27 levels and it 
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produces very less distortion. The output voltage and current waveforms of a 3-phase cascaded multilevel inverter with 
ucap as source is shown in Fig. 10.  

 

Figure 10. Output voltage of 3-phase inverter with R-phase current (single DC source) 

The 3-phase output voltage and the corresponding R-Phase current is measured. Here the voltage sources were replaced 
by ucaps with the values C1 = C2 = 2700 F, CR1 = 985 F, and CR2 = 1240 F are taken from the bank.  

The supply voltage is set in such a way that the voltage of C1 = C2 = MS, CR1 = MS/3, and CR2 = MS/6. Here we choose the 
voltage of C1 = C2 = 108V, CR1 = 36V, and CR2 = 18V. In this method, the single DC source cascaded multilevel inverter 
generates 27 levels in the output. Here the 6 DC sources which were present in H1 and H2 have been replaced by ucaps 
and this will reduce the energy utilization up to 36% of the total power. Moreover the ucaps will not suffer deep discharge 
in their life time as like a battery. The capacitors produces ripple in the output waveform and it is around 8.96% 

The output voltage and their corresponding Fourier harmonic spectrum of R-phase (A-N) for HCMI, SCMI MIDC and the 
proposed method are shown in Fig. 11.  

 

Figure 11. Output voltage of R-phase and corresponding harmonic spectrum (a) HCMI (b) SCMI (c) 
MIDC and (d) proposed method 
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The THD of the output voltage is 7.28%, 9.57%, 8.29% and 4.65% for HCMI, SCMI, MIDC and the proposed method 
respectively. The multilevel inverter output is connected with a non linear RLC load has the values (R=10 kΩ, L=.01mH, 
C=10μH). The non-linear load produces harmonics in the output of the multilevel inverter. On comparing fig. 11 (a)-(c) and 
the proposed method, has the THD is 4.65 and it is very less compared to other methods. The output current and their 
corresponding Fourier harmonic spectrum of R-phase for HCMI, SCMI, MIDC and the proposed method are shown in Fig. 
12.  

 

Figure 12. Output current of R-phase and corresponding harmonic spectrum (a) HCMI (b) SCMI (c) 
MIDC and (d) proposed method 

 

The THD of the output current 6.25%, 7.19%, 6.84% and 4.16% for HCMI, SCMI, MIDC and the proposed method 
respectively. On comparing fig 12 (a)-(c) and 12 (d), the proposed method has THD of 4.16% and it is very less compared 
to other methods.      

The current utilization is less compared to the previous method. The output voltage of the inverter is passed though a filter 
and the active and reactive power was measured and is shown in Fig. 13.  

 

(a) 

 

(b) 

Figure 13. Active and reactive power (a) DC source (b) with ucap 
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It is noted that the active and reactive power for both the cases are almost equal. The ucap voltage variation under load 
condition is shown in Fig. 14.  

 

Figure 14. Terminal voltage of ucap bank under load 

The terminal voltage of ucap is set around 620V and the simulation time step size is set as 0.1 second for simulation. The 
ucap voltage increases up to 618V when load increases and it decreases to a minimum of 520V when load get decreases.  

The SOC of both the battery and ucap during simulation is shown in Fig. 15. 

 

Figure 15. SOC of battery and ucap 

 Initially the SOC of both the battery and ucaps are full and it is around 90-95%. If battery voltage decreases then the 
DOD slowly increases. On the other hand the voltage of ucap will fluctuate under load but it will recharge and try to 
maintain the same level. It can be observed that the variation of SOC of ucap is less than that of battery. The SOC of ucap 
can be maintained between 84-90% because it automatically recharges the energy from the source. The SOC of battery is 
decreasing depending on the load. Comparison between both the multilevel inverters, using DC source such as HCMI, 
SCMI, MIDC and the proposed method using ucap with various load condition were obtained using Matlab FFT tool is 
presented in Table 4. We can observe that the quality of voltage and current depend on the total harmonic distortion 
(THD) [26] for both the cascaded multilevel inverter with DC source and by using ucap.  

Table 4. Comparison of THD for different multilevel inverters under various load conditions. 

 

Table 4 shows that the harmonics of phase to mid-point voltage (VAN) and current (IAN) of R-phase. The overall power 
quality of both the inverter using DC source and ucap are slightly different from each other. The inverter using ucap as 
source produces less distortion than the inverter which uses DC source. On the other hand, the proposed method is very 
economical, less weight, and the total number of DC sources is reduced from 7 to 1. The system performance of multilevel 
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inverter which uses battery as source such as HCMI, SCMI, MIDC are compared with the proposed multilevel inverter is 
presented in Table 5.  

Table 5. Performance comparison of different multilevel inverters with proposed method. 

 

It is noted that the weight of the battery can be reduced with the usage of ucap and the life of ucap will be 3 times greater 
than that of DC source. Utilization of current can be reduced to 34% and the DOD can be reduced around 27% by the use 
of ucaps. When compare to the annual cost of the battery and ucap, 18% of cost will be saved by utilizing ucap [27].     

    Moreover, the output voltage of both seven DC source and single DC source methods are almost equal. But huge 
variation can be observed if this inverter is used in applications like electrical vehicles. The large variations can be 
tolerated by ucaps when acceleration or deceleration of EVs applied. The simulation results confirm that the proposed 
single DC source multilevel inverter is suitable for EV application. 

4.2. Experimental Results 

The experimental setup was constructed to verify the feasibility of the proposed method. Here scaled-down platform is 
used. To confirm the feasibility of the proposed multilevel inverter using ucap, the measured current and voltage waveform 
of both the methods such as multilevel inverter using battery as source and multilevel inverter using ucap as source is 
shown in fig. 16.  

 

Figure : 16 Experimental Setup 
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The R-phase current and voltage waveform of both the multilevel inverters are shown in fig. 18(a) and (b) respectively.  

 

 

Figure 18.  Experimental results of implemented 27-level inverter (a) Output voltage when battery as 
source (b) Output voltage when ucap as source. 

It can be seen that, the voltage levels generated by the proposed multilevel inverter using ucap as source validates good 
performance and practicability.  

Fig. 19 shows the experimental results of both the battery bank and ultracapacitor using PI controller. 

 

Figure 19.  Experimental results: Performance of PI controller a) when battery as source (b) when 
ucap as source. 

The performance of PI controller with battery source is shown in fig 19 (a). The predictor based controller has good 
convergence of DC bus voltage regulation to the reference voltage of 65V. The DC bus voltage sag is around 2% and it is 
very less compared to linear PI controller.  The performance of PI controller with ucap as source is shown in fig 19(b). 
From the experimental output one can say that the performance of ucap is almost similar to battery sources. 

A variable load is applied and the corresponding voltage and current waveform for both the battery and ucap as source 
are presented in fig. 20 (a) and (b) respectively. 

 

Figure 20.  Performance of variable load (a) Current and voltage of battery as source (b) Current and 
voltage of ucap as source.   

 The voltage of both the battery and ucap decreases if load current increases. The performance of ucap source is almost 
equal to battery as source in multilevel inverter.  

V. CONCLUSION 

In this paper we proposed a multilevel inverter with all DC source and the voltage source of H-bridge is replaced by ucap. 
Various modulation techniques and numerous topologies found in the literature. An additional goal of this paper is to 
reduce the number of DC sources. Here we achieved a maximum of 27 levels by adjusting the capacitor voltage. The 
output and the harmonic order of both the multilevel inverter using all DC sources and H-bridge sources are replaced by 
ultracapacitor module is almost equal. The proposed ucap method produces ripple of 8.96% in the output. On the other 
hand, the energy utilization of ucap method can be reduced up to 36% and it will work 30% of float voltage. Then the 
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proposed method performances are compared to HCMI, SCMI and MIDC under various nonlinear load levels. In that the 
proposed method has 4.78% and HCMI, SCMI and MIDC are 5.5%, 7.25% and 6.86% respectively. The comparison 
results show that the proposed method which utilizes ucap is the most effective technique to reduce the harmonic present 
in the multilevel inverter. The proposed method reduces the number of sources as a result reduces the cost of the inverter 
and the total weight. These features make the system successful and can be utilized in EVs. The experimental results also 
confirm that the proposed ucap technique presented in this paper perform well and is suitable for electric vehicle. The 
output and the harmonic order are better than that of the previous methods. The proposed control scheme maintains the 
voltage level of capacitors and provides ripple free output without utilizing filters. This work can be extended to develop an 
efficient multilevel inverter for automobile applications using FPGA hardware.   

REFERENCES 

[1] Mohammad Farhadi Kangarlu, and Ebrahim Babaei. A Generalized Cascaded Multilevel Inverter Using Series 
Connection of Sub multilevel Inverters. IEEE Transactions on Power Electronics 2013; 28: 625-636. DOI: 
10.1109/TPEL.2012.2203339 

[2] M. Veenstra, A. Rufer. Control of a hybrid asymmetric multilevel inverter for competitive medium-voltage industrial 
drives. IEEE Transaction on Industry Applications 2005; 41: 655-664. DOI: 10.1109/TIA.2005.844382 

[3] Samir Kouro, Pablo Lezana, Mauricio Angulo, José Rodríguez. Multicarrier PWM with DC-Link Ripple Feed-forward 
Compensation for Multilevel Inverters. IEEE Transactions on Power Electronics 2008; 23: 52-59. DOI: 
10.1109/TPEL.2007.911834 

[4] G.Nageswara Raoa, P.Sangameswara Rajub, K.Chandra Sekhar. Support Vector Machine (SVM) and Fuzzy Based 
Hybrid Feedback Technique for Harmonic Elimination of Multilevel Inverter. Proc. of Int. Conf. on Advances in 
Electrical & Electronics 2013; 832-848 

[5] Madhav D. Manjrekar, Thomas A. Lipo. A hybrid multilevel inverter topology for drive applications. IEEE 13th Annual 
Conference on Applied Power Electronics Conference and Exposition 1998; 2: 523-529. DOI: 
10.1109/APEC.1998.653825 

[6] F. Khoucha, S. M. Lagoun, A. Kheloui, M. E. H. Benbouzid. A Comparison of  Symmetrical and Asymmetrical 
H-Bridge Multilevel Inverter for DTC Induction Motor Drive Automotive Applications. IEEE Transactions on 
Energy Conversion 2011; 26: 64-72. DOI: 10.1109/TEC.2010.2077296 

[7] Pablo Lezana, José Rodríguez, Diego A. Oyarzún. Cascaded Multilevel Inverter with Regeneration Capability and 
Reduced Number of Switches. IEEE Transactions on Industrial Electronics 2008; 55: 1059-1066. DOI: 
10.1109/TIE.2008.917095 

[8] José Rodríguez, Jih-Sheng Lai, and Fang Zheng Peng. Multilevel Inverters: A Survey of Topologies, Controls, and 
Applications. IEEE Transactions on Industrial Electronics 2001; 49: 724-738. DOI: 10.1109/TIE.2002.801052 

[9] Pengwei Sun. Cascade Dual-Buck Inverters for Renewable Energy and Distributed Generation. Dissertation. 
Blacksburg. Virginia, March 28, 2012. 

[10] J. Huang and K. A. Corzine. Extended operation of flying capacitor multilevel inverters. IEEE    Transaction on Power 
Electronics 2006; 21: 140–147. DOI: 10.1109/IAS.2004.1348507 

[11] Jingsheng Liao, Keith Corzine, and Mehdi Ferdowsi. A New Control Method for Single-DC-Source Cascaded H-
Bridge Multilevel Converters Using Phase-Shift Modulation. Twenty-Third Annual IEEE Applied Power Electronics 
Conference and Exposition 2008; 886 – 890. DOI: 10.1109/APEC.2008.4522825 

[12] Farid Khoucha, Soumia Mouna Lagoun, Khoudir Marouani, Abdelaziz Kheloui, Mohamed El Hachemi Benbouzid. 
Hybrid Cascaded H-Bridge Multilevel-Inverter Induction-Motor-Drive Direct Torque Control for Automotive 
Applications. IEEE Transactions on Industrial Electronics 2010; 57: 892 – 899. DOI: 10.1109/TIE.2009.2037105. 

[13] Juan Dixon, Javier Pereda, Carlos Castillo, Sebastián Bosch. Asymmetrical Multilevel Inverter for Traction Drives 
Using Only One DC Supply. IEEE Transactions on Vehicular Technology. 2010; 59: 3736 – 3743. DOI: 
10.1109/TVT.2010.2057268. 

[14] M. A. S. Aneesh, A. Gopinath, and M. R. Baiju. A simple space vector PWM generation scheme for any general n-
level inverter. IEEE Transactions on Industrial Electronics 2009; 56: 1649–1656. DOI: 10.1109/TIE.2008.2011337 

[15] Burke A. F. Batteries and ultracapacitors for electric, hybrid, and fuel cell vehicles.  Proceedings of the IEEE 2007; 95: 
806–820. DOI: 10.1109/JPROC.2007.892490 

[16] Leon M. Tolbert, Thomas G. Habetler. Multilevel PWM Methods at Low Modulation Indices. IEEE Transactions on 
Power Electronics 2000; 15: 719-725. DOI: 10.1109/63.849042 

[17] John C. Salmon, Stuart Olsen, Nelson Durdle. A Three-phase PWM Strategy Using a Stepped Reference Waveform. 
IEEE Transactions on Industry Applications 1991; 27: 914-920. DOI: 10.1109/28.90347 

[18] K. A. Corzine, F. A. Hardrick, Y. L. Familiant. A Cascaded Multi-Level H-Bridge Inverter Utilizing Capacitor Voltages 
Sources. Proceedings of the IASTAD Power Electronics Technology and Applications Conference 2003. 

http://dx.doi.org/10.1109/TPEL.2012.2203339
http://dx.doi.org/10.1109/TIA.2005.844382
http://dx.doi.org/10.1109/TPEL.2007.911834
http://dx.doi.org/10.1109/APEC.1998.653825
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?tp=&arnumber=5597940&queryText%3DSymmetrical+and+Asymmetrical+H-Bridge+Multilevel+Inverter+for+DTC+Induction+Motor+Drive+Automotive+Applications
http://dx.doi.org/10.1109/TEC.2010.2077296
http://dx.doi.org/10.1109/TIE.2008.917095
http://dx.doi.org/10.1109/TIE.2002.801052
http://dx.doi.org/10.1109/IAS.2004.1348507
http://dx.doi.org/10.1109/APEC.2008.4522825
http://dx.doi.org/10.1109/TIE.2009.2037105
http://dx.doi.org/10.1109/TVT.2010.2057268
http://dx.doi.org/10.1109/TIE.2008.2011337
http://dx.doi.org/10.1109/JPROC.2007.892490
http://dx.doi.org/10.1109/63.849042
http://dx.doi.org/10.1109/28.90347


   I S S N  2 3 2 1 - 8 0 7 X 

    V o l u m e  1 2  N u m b e r 1 9  

   J o u r n a l  o f  A d v a n c e s  i n  c h e m i s t r y    

5138 | P a g e                                        

N o v e m b e r  2 0 1 6                                            w w w . c i r w o r l d . c o m  

[19] M. Fracchia, T. Ghiara, M. Marchesoni, M. Mazzucchelli. Optimized Modulation Techniques for the Generalized N-
Level Converter. Proceedings of the IEEE Power Electronics Specialist Conference 1992; 2: 1205-1213. DOI: 
10.1109/PESC.1992.254737 

[20] P. C. Krause, O. Wasynczuk, S. D. Sudhoff. Analysis of Electric Machinery and Drive Systems. Wiley-IEEE Press, 
2002; 605-613. 

[21] Leon M. Tolbert, Thomas G. Habetler. Novel Multilevel Inverter Carrier-Based PWM Method. IEEE Transactions on 
Industry Applications 1999; 35: 1098-1107. DOI: 10.1109/28.793371 

[22] M. Fracchia, T. Ghiara, M. Marchesoni, M. Mazzucchelli. Optimized Modulation Techniques for the Generalized N-
Level Converter. 23

rd
 Annual IEEE Power Electronics Specialists Conference 1992; 2. 1205-1213. DOI: 

10.1109/PESC.1992.254737 

[23] Chiang. C, Yang. J, Cheng. W. Temperature and State-of-Charge Estimation in Ultracapacitors Based on Extended 
Kalman Filter. Journal of Power Sources 2013; 234: 234–243. 

[24] Ceraolo. M. New Dynamical Models of LeadAcid Batteries. IEEE Transactions on Power Systems. 2000; 15: 1184-
1190. DOI: 10.1109/59.898088 

[25] Babaei. E, Hosseini. S. H, Gharehpetian. G. B, Tarafdar Haque M, Sabahi M. Reduction of dc voltage sources and 
switches in asymmetrical multilevel converters using a novel topology. Elsevier Journal of Electric Power System 
Resources 2007; 77: 1073–1085. 

[26] Dusan. G. Jovan, K. K. Katic, V. A. Application Oriented Comparison of the Methods for AC/DC Converter Harmonics 
Analysis. IEEE Transactions on Industrial Electronics 2003; 50: 1100–1108. DOI: 10.1109/TIE.2003.819580 

[27] Xiaobo Dou , Xiangjun Quan , Zaijun Wu , Minqiang Hu , Jianlong Sun, Kang Yang, Minhui Xu.  Improved Control 
Strategy for Microgrid UltracapacitorEnergyStorageSystems.Energies 2014; 7: 8095-8115.  doi:10.3390/en7128095 

[28] N.Devillers, S. Jemei, M.C.Pea, D.Bienaime, F.Gustin, Journal of power sources 2014; 246: 596-608. 

[29] Y. Suresh, Anup Kumar Panda. Investigation on hybrid cascaded multilevel inverter with reduced dc sources. 
Renewable and Sustainable Energy Reviews 2013; 26: 49-59. 

[30] D. A. B. Zambra and J. R. Pinheiro. Comparison of Phase-Shift and Step Wave Modulation Technique applied to 
Symmetrical Cascaded Multilevel Inverter. IEEE Latin America Transactions 2013; 11: 1156-1162. 

[31] Venkatachalam Kumar Chinnaiyan, Jovitha Jerome, J. Karpagam. An Experimental Investigation on a Multilevel 
Inverter for Solar Energy Applications. Electrical Power and Energy Systems 2013; 47: 157-167. 

[32] S. Wu, K. Watanabe, E. Muramatsu, Y. Ariga, and S. Endo. Robust stability of approximate Smith predictor control 
systems. In Proceedings of the SICE Annual Conference in Sapporo, Japan. 2004;1522–1527. 

[33] P. A. Ioannou and J. Sun, Robust Adaptive Control. Upper Saddle River, NJ: Prentice Hall, 1996. 

Author’s biography with Photo 

T. Daniel Raj 

BE-Electrical and Electronics Engineering, C.S.I. Institute of Technology, Thovalai, 
ManonmaniumSundaranar University,2000. 

ME-Power Electronics and Drives, Sathiyabama University, Chennai, 2005. 

Working in “Narayanaguru College of Engineering, Manjalumoodu, Kanyakumari District. 

Email: t_daniel@rediffmail.com 

 

N. Kesavan Nair studied electrical Engineering at the college of Engineering, 

Thiruvananthapuram, Kerala, India and received the B.Sc (Engg) and M.Sc (Engg) from the 
University of Kerala, India in 1964 and 1969 respectively. He obtained Ph.D in Electrical 
Engineering from the Indian Institute of Technology, Khargpur in 1983.He joined the Electrical 
Engineering faculty of college of Engineering, Thiruvanathapuram in 1965 and retired from there as 
Professor in 1997.Since then he has been working as Professor in various Engineering colleges in 
Thiruvananthapuram and around and currently he is a Professor of Electrical and Electronics 
Engineering Department of CSI, Institute of Technology, Thovalai, Tamil Nadu, India. His 
contributions  are in he areas of power systems, Electrical Machines and Flexible AC Transmission 
Systems. He has to his credit a few publications in this areas at national and international level. 

Email: kesavannaircsi@gmail.com 

http://dx.doi.org/10.1109/PESC.1992.254737
http://dx.doi.org/10.1109/28.793371
http://dx.doi.org/10.1109/PESC.1992.254737
http://dx.doi.org/10.1109/59.898088
http://dx.doi.org/10.1109/TIE.2003.819580
mailto:t_daniel@rediffmail.com

