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Abstract
This paper investigates a 13-level cascaded H-bridge (CHB) converter for shunt active power filter (SAPF) application to 
minimize the total harmonic distortion (THD) of source current under load variation. The converter configuration com-
prises of six H-Bridge cells per leg. Carrier-based phase disposition PWM is used as a modulation strategy to control the 
switches of 13-level CHB topology. An instantaneous real and reactive power technique based harmonic current extrac-
tion method is implemented to extract the reference currents. The proportional-integral controller is implemented to 
control the DC voltage of the SAPF. The proposed 13-level CHB SAPF performance is compared with two-level voltage 
source SAPF, three-level CHB SAPF, five-level CHB SAPF and nine-level CHB SAPF. The proposed work is implemented 
using Matlab/Simulink. The comparative performance analysis of THD, harmonics, active power, reactive power and 
power factor are presented.

Keywords  Cascade H-bridge · Phase disposition · Power factor · Instantaneous real and reactive power technique 
(IPQT) · Reactive power compensation (RPC) · Total harmonic distortion (THD)

1  Introduction

Recently multilevel active power filters are very attractive 
due to modularity structure for medium voltage and high 
power application under non-linear load conditions. Con-
ventionally, voltage source inverter for SAPF application is 
reported in literature, but they produce more harmonics 
due to square wave output [1, 2]. Later, the combination of 
VSI and passive filter based SAPF are reported in literature 
for power quality improvement [3–7]. A hybrid compensa-
tor with 3-level and the 5-level CHB are presented to reduce 
reactive power and harmonics for the railway traction sys-
tem [8]. The predictive current control method is adopted 
for 5-level CHB using phase shifted space vector modulation 
[9] for power quality improvement. Various SAPF configura-
tions; three-leg-inverter-based SAPF, single CHB SAPF, two 
CHB SAPF and four CHB SAPF are presented its comparative 

performance of harmonic reduction for an aircraft electric 
application [10]. The five-level CHB based SAPF with low 
carrier frequency pulse width modulation is presented to 
mitigate harmonics in aerospace applications [11]. Single 
phase five-level CHB with the model based controller is pre-
sented to reduce the current distortions under non-linear 
loads [12]. The level shift carrier based phase disposition (PD) 
method is proposed and presented in [13–17]. In this paper, 
thirteen-level CHB based SAPF is proposed to reduce source 
current THD. The detailed configuration of proposed SAPF is 
presented in Sect. 2. The multilevel inverter concept for SAPF 
application, the reference current generation method and 
the modulation scheme is explained in Sect. 2. The perfor-
mance of proposed SAPF is discussed and compared with 
the conventional system using simulation results in Sect. 3. 
Finally, the conclusions were made in Sect. 4. The config-
urations of one CHB, two CHB, four-CHB, and six CHB are 
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represented with HB1, HB2, HB4, and HB6 respectively for 
simplicity in this paper. The suffix ‘a’, ‘b’, and ‘c’ represents the 
phase ‘a’, phase ‘b’, and phase ‘c’ respectively.

2 � Shunt active power filter

The CHB SAPF can compensate the reactive power and 
mitigate the harmonics in the power system. The single line 
block diagram of proposed SAPF is shown in Fig. 1. It con-
sists of a 3-phase supply, non-linear (NL) load and SAPF. A 
three phase uncontrolled bridge with the RL load is used 
as NL load. The symbol Vs, Vm, Vdc, Lf, iL, is, and ic is the source 
voltage, peak voltage, capacitor voltage, filter inductance of 
SAPF, load current, source current, and filter current respec-
tively. The 3-phase supply, NL and SAPF are connected at the 
point of common coupling (PCC) as shown in Fig. 1.

The instantaneous source voltage is written as

(1a)VSa(t) = Vm sin�t

(1b)VSb(t) = Vm sin (wt − 120◦)

The NL load current is calculated using (2) which include 
both fundamental and harmonic currents.

From Fig. 1, the load current in terms of source current 
and compensator current is given in (3).

2.1 � Multilevel inverter

An inverter, which is having more than 2-levels in output 
voltage, is called multilevel inverter (MLI). The harmonic 
content in both voltage and current can be mitigated with 
a higher voltage levels. The MLIs are very attractive in the 
application of SAPF due to this advantage. Three types of 
MLIs include diode clamped (DC), capacitor clamped (CC), 

(1c)VSc(t) = Vm sin (wt − 240◦)

(2)iL(t) = I1 sin
(
n�t + �1

)
+

∞∑
k=2

sin
(
k�t + �k

)

(3)iL(t) = is(t) + ic(t)

Fig. 1   Single line block dia-
gram of SAPF configuration
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and the cascaded H-bridge (CHB) configurations are suit-
able for an application of SAPF [18]. CHB MLI based SAPF 
configuration is proposed due to its superior merits such as 
component reduction, no clamping diodes, no clamping 
capacitors and modularity in structure compared to other 
two configurations. The schematic diagram of VSI 2-level 
is shown in Fig. 2a [19]. The different topologies includes 
HB1, HB2, HB4, and HB6 per leg is shown in Fig. 2b–e. HB6 
inverter consists of six capacitors at the DC bus and pro-
duces thirteen-levels on the phase. For a DC bus voltage 

(Vdc), an individual capacitor voltage is calculated using 
Vdc/(m − 1). The thirteen-levels of output voltages are 6Vdc, 
5Vdc, 4Vdc, 3Vdc, 2Vdc, Vdc, 0, −Vdc, −2Vdc, −3Vdc, −4Vdc, −5Vdc 
and –6Vdc respectively. An output voltage is produced with 
switch ‘ON’ of SA1, SA2, SA3, SA4, SA5, SA6, SA7, SA8, SA9, SA10, 
SA11, SA12 and its complementary switches with different 
combination. Thus, the minimum of twelve switches will 
be turned ‘ON’ per phase for producing thirteen-level 
output voltage. The possible switching states for one leg 
thirteen-level CHB inverter is presented in Table 1. 

(a) VSI 2-Level topology (b) Three level (HB1) topology

(c) Five level (HB2) topology

(d) Nine level (HB4) topology
(e) Proposed 13-level (HB6) topology
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Fig. 2   Diagram of CHB topologies per leg
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2.2 � Reference current generation

Time domain based reference current extraction method 
of an instantaneous real and reactive power technique 
(IPQT) is implemented for computation of reference cur-
rents [14, 20] as shown in Fig. 3. 

abc to αβ conversion of source voltage is given by (4)

abc to αβ conversion of load current is given by (5)

(4)

�
Vs�
Vs�

�
= [0.8165]

�
1 −0.5 −0.5

0 0.866 −0.866

�⎡⎢⎢⎣

Vsa
Vsb
Vsc

⎤⎥⎥⎦

Table 1   13-level CHB inverter 
switching states (for Fig. 2e)

V0 6Vdc 5Vdc 4Vdc 3Vdc 2Vdc Vdc 0 −Vdc −2Vdc −3Vdc −4Vdc −5Vdc −6Vdc

SA1 1 0 0 0 0 0 0 0 0 0 0 0 0
SA2 1 1 0 0 0 0 0 0 0 0 0 0 0
SA3 1 1 1 0 0 0 0 0 0 0 0 0 0
SA4 1 1 1 1 0 0 0 0 0 0 0 0 0
SA5 1 1 1 1 1 0 0 0 0 0 0 0 0
SA6 1 1 1 1 1 1 0 0 0 0 0 0 0
SA7 1 1 1 1 1 1 1 0 0 0 0 0 0
SA8 1 1 1 1 1 1 1 1 0 0 0 0 0
SA9 1 1 1 1 1 1 1 1 1 0 0 0 0
SA10 1 1 1 1 1 1 1 1 1 1 0 0 0
SA11 1 1 1 1 1 1 1 1 1 1 1 0 0
SA12 1 1 1 1 1 1 1 1 1 1 1 1 0
SA1′ 0 1 1 1 1 1 1 1 1 1 1 1 1
SA2′ 0 0 1 1 1 1 1 1 1 1 1 1 1
SA3′ 0 0 0 1 1 1 1 1 1 1 1 1 1
SA4′ 0 0 0 0 1 1 1 1 1 1 1 1 1
SA5′ 0 0 0 0 0 1 1 1 1 1 1 1 1
SA6′ 0 0 0 0 0 0 1 1 1 1 1 1 1
SA7′ 0 0 0 0 0 0 0 1 1 1 1 1 1
SA8′ 0 0 0 0 0 0 0 0 1 1 1 1 1
SA9′ 0 0 0 0 0 0 0 0 0 1 1 1 1
SA10′ 0 0 0 0 0 0 0 0 0 0 1 1 1
SA11′ 0 0 0 0 0 0 0 0 0 0 0 1 1
SA12′ 0 0 0 0 0 0 0 0 0 0 0 0 1

Fig. 3   IPQT METHOD
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The real and reactive power (pq) computation is as 
follows:

(5)

�
iL�
iL�

�
= [0.8165]

�
1 −0.5 −0.5

0 0.866 −0.866

�⎡⎢⎢⎣

iLa
iLb
iLc

⎤⎥⎥⎦
The controlled real and reactive power is calculated using 

(7)

The compensation current in αβ quantities is calculated 
using (8)

The reference currents are converted from αβ compo-
nents to abc using (9)

(6)

[
p

q

]
=

[
Vs� Vs�
−Vs� Vs�

][
iL�
iL�

]

(7)pc = p + ploss, and qc = −q

(8)ic� =
pc ∗ vs� + qc ∗ Vs�

V2
s�
+ V2

s�

, ic� =
pc ∗ vs� − qc ∗ Vs�

V2
s�
+ V2

s�

(9)
⎡⎢⎢⎣

i∗
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i∗
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i∗
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= [0.8165]
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Fig. 4   Carrier signal and generated reference signal

Table 2   Simulation parameters

S. no. Description Value

1. 3-Phase supply voltage 440 V (rms)
2. Ls and Rs 2e−5H, 0.01 Ω
3. Non-linear load Three phase diode 

bridge with RL 
load

4. RL1 50 Ω
5. LL1 110 mH
6. RL2 37.5 Ω
7. LL2 82.5 mH
8. Switching frequency 5000 Hz
9. Vdcref 720 V
10. Capacitor, Cdc 3300 µF
11. PI controller kp = 10, ki = 0.5
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2.3 � Modulation method

The level shift (LS) PWM is used to control the switches. PD 
triangular carriers and generated reference signals is illus-
trated in Fig. 4 and is implemented for control of switches 
in proposed SAPF configuration.

The pulse is generated using Fig. 4. The terms Refa, Refb, 
and Refc are the reference signals for pulse generation in 
phase-a, phase-b, and phase-c respectively. The pulse is 
generated based on condition that the pulse is available if 
reference signal is greater than carrier signals otherwise it 
is zero. The triangular carriers are selected using (10)

where ‘m’ is the number of levels.

2.4 � DC link voltage balancing method

The minimum values of parameters for PI technique to bal-
ance dc voltage can be determined by

where kp, ki, C, ξ and ω are proportional constant, integral 
constant, capacitance of active power filter, damping coef-
ficient (0.707) and system frequency respectively.

(10)m − 1

(11)Kp ≥ 2C��

(12)Ki ≥ C�

3 � Simulation result and discussion

In this section, the simulation result analysis is carried out 
for SHB SAPF compensation. The proposed compensation 
method using Fig. 1 is validated with simulation results. 
The simulation parameters and its values are listed in the 
Table 2.

Waveforms for uncompensated system are shown in 
Fig. 5. The source current has produced square wave due 
to non-linearity in the load as shown in Fig. 5a. The PF of 
the system is 0.7462, and the reactive power is 2637 Var. 
Source current has produced its THD of 24.39% due to 
more harmonics presented in 5th, 7th, 11th and 13th, as 
shown in Fig. 5f.

The two-level voltage source inverter based SAPF 
response curves are presented in Fig. 6. It is observed 
that, the PF is improved to 0.9876, the real power (P) and 
reactive power (Q) is also improved. The THD is reduced 
from 24.39 to 11.94%. Various levels of cascade H-bridge 
inverter based SAPF is simulated and the response 
curves are presented in Figs. 7, 8, 9, and 10

The simulation results of HB1, HB2, HB4 and HB6 
based SAPF using an IPQT, and PIC is presented in Figs. 7, 
8, 9, and 10. The proposed HB6 SAPF has good perfor-
mance compared to traditional configurations. From 
Fig. 10, it is observed that the PF and the reactive power 
of the system are improved. The harmonics presented in 
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Fig. 5   Response curves of uncompensated system
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Fig. 6   Response curves using two-level VSI topology
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Fig. 7   Response curves using HB1 topology
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Fig. 8   Response curves using HB2 topology
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Fig. 9   Response curves using HB4 topology
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Fig. 10   Response curves using HB6 topology
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5th, 7th, 11th and 13th are reduced with the proposed 
CHB topology. The reduction of harmonics in source cur-
rent is satisfying the IEEE standards. The total DC link 
voltage is also balanced using proposed control method 
as shown in Figs. 7g, 8g, 9g, and 10g. The complete simu-
lation result comparison is presented in the Table 3.

Further the simulation work is extended to load varia-
tion to validate the performance of proposed HB6 SAPF 
configuration and its response curves are shown in 
Fig. 11. Proposed HB6 configuration is simulated under 
load variation to validate its performance in SAPF appli-
cation. Another load is connected at t = 0.8 s and discon-
nected at t = 1 s. The performance of proposed HB6 SAPF 
has well under load variation and its response curves are 
shown in Fig. 11.

4 � Conclusions

The proposed CHB SAPF is simulated and the results are 
discussed clearly. THD in Source current is reduced from 
24.39 to 4.21%. The PF is improved from 0.7462 to 0.9989 
and reactive power is reduced from 2637 to 205.5 Var. The 
harmonic mitigation and reactive power compensation is 
achieved with proposed CHB SAPF.

Compliance with ethical standards 

Conflict of interest  The authors declare that they have no conflicts 
of interest.

References

	 1.	 Akagi H (1994) Trends in active power line conditioners. IEEE 
Trans Power Electron 9(3):263–268

	 2.	 Tarisciotti L et al (2017) Model predictive control for shunt 
active filters with fixed switching frequency. IEEE Trans Ind Appl 
53(1):296–304

	 3.	 Srianthumrong S et al (2003) A medium-voltage transformerless 
AC/DC power conversion system consisting of a diode rectifier 
and a shunt hybrid filter. IEEE Trans Ind Appl 39(3):874–882

	 4.	 Rahmani S et  al (2009) A new control technique for three-
phase shunt hybrid power filter. IEEE Trans Ind Electron 
56(8):2904–2915

	 5.	 Shuai Z et al (2009) Study on a novel hybrid active power fil-
ter applied to a high-voltage grid. IEEE Trans Power Deliv 
24(4):2344–2352

	 6.	 Rahmani S et al (2014) A combination of shunt hybrid power fil-
ter and thyristor-controlled reactor for power quality. IEEE Trans 
Ind Electron 61(5):2152–2164

	 7.	 Herman L et al (2014) A proportional-resonant current controller 
for selective harmonic compensation in a hybrid active power 
filter. IEEE Trans Power Deliv 29(5):2055–2065

(a) Source Voltage

(b) Source Current

(c) HB6 output current

(d) Real Power

(e) Power Factor 

(f) DC Voltage

0.7 0.8 0.9 1 1.1
-800
-622

0

622
800

Time (s)

V
sa

 (V
)

0.7 0.8 0.9 1 1.1
-30

-20

-10

0

10

20

30

Time (s)

isa
 (A

)

0.8 0.9 1
-40

-20

0

20

40

Time (s)

ica
 (A

)

0.7 0.8 0.9 1 1.1
0

2000

4000

6000
7500

Time (s)

Re
al

 P
ow

er
 (W

)

0 0.5 1 1.5 2
0

0.5

1

Time (s)

M
ag

ni
tu

de

0 0.8 1.2 2
0

720

Time (s)

V
dc

  (
V

) Vdc
Vdcref

Fig. 11   Response curves using HB6 under load variation



Vol.:(0123456789)

SN Applied Sciences (2019) 1:1621 | https://doi.org/10.1007/s42452-019-1669-8	 Research Article

	 8.	 Tan P-C et al (2004) A robust multilevel hybrid compensation 
system for 25-kV electrified railway applications. IEEE Trans 
Power Electron 19(4):1043–1052

	 9.	 Massoud AM et al (2007) Three-phase, three-wire, five-level 
cascaded shunt active filter for power conditioning, using two 
different space vector modulation techniques. IEEE Trans Power 
Deliv 22(4):2349–2361

	10.	 Fabricio ELL et al (2015) Shunt compensator based on inter-
connected three-phase converter. IEEE Trans Power Electron 
30(12):6661–6671

	11.	 Odavic M et al (2013) Low carrier-fundamental frequency ratio 
PWM for multilevel active shunt power filters for aerospace 
applications. IEEE Trans Ind Appl 49(1):159–167

	12.	 Andrés A et al (2013) A model-based controller for the cascade 
H-bridge multilevel converter used as a shunt active filter. IEEE 
Trans Ind Electron 60(11):5019–5028

	13.	 Narasimhulu V et al (2016) Simulation analysis of switch con-
trolled power filters for harmonic reduction. Int J Appl Eng Res 
11(11):7597–7602

	14.	 Narasimhulu V, Ashok Kumar DV, Sai Babu C (2019) Fuzzy logic 
control of SLMMC-based SAPF under nonlinear loads. Int J Fuzzy 
Syst. https​://doi.org/10.1007/s4081​5-019-00622​-0

	15.	 Narasimhulu V et  al (2010) Control of cascaded multilevel 
inverter by using Carrier based PWM technique and imple-
mented to Induction motor drive. ICGST-ACSE J 10(1)

	16.	 Yang X et al (2014)  A New PD-PWM Strategy for Alternate-Arm 
Multilevel Converter. In: Conference and expo transportation 
electrification Asia-Pacific (ITEC Asia-Pacific), Beijing, 2014, pp 
1–6. https​://doi.org/10.1109/itec-ap.2014.69410​72

	17.	 Li N, Wang Y, Cong W, Wang Z (2013) Comparative study of four 
kinds of multicarrier PWM strategies used in NPC three-level 
converters. In: 2013 IEEE ECCE Asia Downunder, Melbourne, VIC, 
2013, pp 183–189. https​://doi.org/10.1109/eccea​sia.2013.65790​
94

	18.	 Rodríguez J et  al (2002) Multilevel inverters: a survey of 
topologies, controls, and applications. IEEE Trans Ind Electron 
49(4):724–738

	19.	 Ko W-H et al (2016) Impact of shunt active harmonic filter on 
harmonic current distortion of voltage source inverter-fed 
drives. IEEE Trans Ind Appl 52(4):2816–2825

	20.	 Manari O, Zazi M (2017) Comparison of a PQ theory based 
method and a fuzzy logic based method in harmonic compen-
sation. In: 2017 International renewable and sustainable energy 
conference (IRSEC). https​://doi.org/10.1109/irsec​.2017.84774​27

Publisher’s Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1007/s40815-019-00622-0
https://doi.org/10.1109/itec-ap.2014.6941072
https://doi.org/10.1109/ecceasia.2013.6579094
https://doi.org/10.1109/ecceasia.2013.6579094
https://doi.org/10.1109/irsec.2017.8477427

	Recital analysis of multilevel cascade H-bridge based active power filter under load variation
	Abstract
	1 Introduction
	2 Shunt active power filter
	2.1 Multilevel inverter
	2.2 Reference current generation
	2.3 Modulation method
	2.4 DC link voltage balancing method

	3 Simulation result and discussion
	4 Conclusions
	References




