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Abstract—In this study, a sliding mode control (SMC) scheme 

is proposed for the single-phase cascaded H-bridge (CHB) 

multilevel active front end (AFE) rectifier with LCL filter. A PI 

controller is employed to control the DC voltage of the rectifier 

modules and to obtain the amplitude for the reference grid 

current. The SMC based current control scheme uses the grid 

current and filter capacitor voltage feedbacks. The resonance of 

the LCL filter is damped using the voltage feedback of the 

capacitor. Therefore, the requirement for additional damping 

circuitry is removed. Simulation and experimental results are 

presented to verify the performance of the SMC for the CHB 

multilevel AFE rectifier. The overall proposed control scheme 

provides almost unity power factor and fast transient response. It 

is seen from the results that the current drawn from the grid is in 

sinusoidal waveform with  low THD.  

Keywords — cascaded H-bridge, sliding mode controller, active 

front end, resonance damping  

I. INTRODUCTION  

Innovation in power electronics made it possible to operate 
at voltage levels far off the conventional semiconductor 
operating limits. New multilevel converter configurations have 
been studied for medium and high voltage applications. These 
converters are able to achieve high voltage switching through 
different voltage steps. The multilevel converter topologies can 
be classified into three main groups: flying capacitor, neutral 
point clamped, and cascaded H-bridge (CHB) converters. CHB 
is a promising configuration for medium and high power 
applications. It presents numerous advantages, such as the 
ability to provide better harmonic attenuation and mitigate 
electromagnetic interference. Additionally, it can be configured 
by cascading multiple single-phase H-bridge modules into one 
compact system. This structure can provide a low cost solution 
for the medium-voltage high-power conversion applications due 
to requiring a smaller number of switching devices and 
components than other multilevel converter topologies with the 
same voltage rating [1]-[2].   

When configured as a rectifier, the CHB converter has 
multiple DC-link voltages which can be used for different power 
ratings, making this topology an excellent choice for traction 
applications, solid state transformers, and medium and high 
power motor drives [3]-[5]. However, this configuration comes 
with some drawbacks: isolated power supplies become a 
requirement when the converter is operating as a voltage source 
inverter and achieving unity power factor while operating at the 
desired limits of the device can be cumbersome [6]-[7].   

A DC-side voltage control, the grid voltage synchronization, 
and the grid current control are the typical components of a CHB 
AFE rectifier control unit. A 3-D space modulation scheme was 
presented in [8] to achieve DC voltage balancing in all operation 
modes. A hybrid modulation technique was presented in [9] for 
both balancing DC voltage using the low-frequency switching 
and for grid current control utilizing the high-frequency 
sinusoidal pulse width modulation. In [10], a cascaded PI 
controller was used to regulate both the DC voltage and the 
utility current. The model predictive control was utilized in [11] 
for fault localization and in [12] to reduce high computational 
complexity and to improve the steady-state performance of the 
current. In [13], a dual-model predictive control technique was 
presented to enhance the dynamic and harmonic performance 
and to balance the DC voltage.  

The control strategies employed in CHB AFE rectifiers are 
used to achieve the following objectives: produce constant 
output DC-link voltage, draw sinusoidal grid current, and 
balance the DC bus voltage of the capacitor. In addition to the 
different control methods used in [7]-[12], nonlinear control was 
used in [14], where a modified Lyapunov control strategy 
combined with a proportional resonant controller and a voltage 
balancing controller was studied to control the CHB rectifier.  

In regards to the current control strategy, numerous current-
tracking techniques have been presented. A small signal 
decoupled dq current control method [15] was used to solve the 
issue of low frequency oscillation. The hysteresis and discrete 
pulse current control techniques were presented in [16] to realize 
same switching frequencies between the inverter switches. A 
proportional resonant current regulation method was studied in 
[17] to maintain the grid current in sinusoidal and to achieve low 
THD.  The model predictive current control method was studied 
and compared to other traditional current control techniques in 
[18] to establish its simplicity and operating principles. A 
transient current control method based notch filter approach was 
studied in [19] to eliminate the oscillation in rail road power 
electronic applications. 

The SMC, a well-known nonlinear control method, has been 
studied in many converter topologies. It was used in a neutral-
point clamped converter to improve steady-state and dynamic 
performance [20]. The SMC presented in [21] was used for a 7-
level grid-tied inverter. Through manipulation of the hysteresis 
bandwidth of the error resulting from the capacitor voltage 
control, the minimum average switching frequency was 
obtained.  A variant of the SMC was studied in [22] in a three-2
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phase grid-connected system for wind energy to control the 
reactive and active power flows between the system and the grid. 
In [23] and [24], SMC was presented to control the single-phase 
and three-phase grid connected inverters with LCL filters and no 
additional active or passive resonance damping methods. A 
space vector modulation based SMC was studied in [25] to 
regulate the grid current and the flow of active and reactive 
power in a three-level grid-connected neutral point clamped 
inverter. SMC technique was proposed in [26] to eliminate error 
in the grid current tracking accuracy and to decrease the THD of 
a single-phase grid-connected voltage source inverter with an 
LCL filter. In addition, the SMC was proposed to control the 
current of grid-connected two-leg reduced number of switch 
neutral point clamped and T-type multilevel inverters [27] and 
[28]. 

Due to the excellent features of the SMC, such as tracking 
grid current, drawing current with reduced harmonic 
components, and controlling the output voltage and reactive and 
active power for various converter topologies, this paper studies 
the SMC based current control scheme for the single-phase CHB 
AFE rectifier. The proposed control scheme employs a PI DC 
voltage controller and a high performance current control 
scheme based on the SMC. The proposed system is validated 
with simulation and experimental results. The results show that 
the proposed system is drawing sinusoidal currents which are in 
the same phase with the grid voltage and at the same frequency, 
even for low load conditions. In addition, the proposed system 
is tested for step load changes and it is seen that the control 
method offers fast dynamic response and removes the steady-
state error. 

II. MODELING OF THE CHB MULTILEVEL AFE 

The CHB multilevel rectifier circuits have the same 
advantages of the multilevel converters. The CHB is inherently 
in modular structure and can be considered as a serial connection 
of number of H-bridges. With this feature, this topology is very 
suitable to handle high voltage levels, and enables direct 
medium voltage connection. Along with these advantages, each 
H-bridge in this topology generates an output DC voltage.  

In high power isolated DC-DC converter applications, due 
to the high frequency magnetic material core size limitations, it 
is very common to use parallel connected multiple isolated dc-
DC converter units. If the primary side of the system is at high 
voltage level, this high voltage side can be connected in series 
to handle the high voltage level, while the low voltage secondary 
windings can be connected in parallel. This topology is called 
input series output parallel topology and it is very attractive high 
power high frequency medium voltage to low voltage 
applications. With multiple output voltage generation capability, 
the CHB is naturally generated the required input voltages for 
the isolated DC-DC converter units. Thus primary side voltage 
levels can be divided into the number of converter units. The 
output of the converter units can be connected in parallel to 
obtain the same power capability with input series output 
parallel topology. 

A single-phase CHB multilevel AFE rectifier output is 
shown in Fig. 1. It is composed of three identical single-phase 
H-bridge modules generating three separate DC bus voltages, 
Vo1, Vo2 and Vo3. An LCL filter is installed to filter out the high 

frequency components from the current drawn from the grid. 
The LCL filter is composed of Z1, Z2 and Cf . Here, Z2 is the 
series combination of L2 and r2. Z1 is the series combination of 
L1 and r1. The equations describing the CHB converter can be 
written as (1) – (6).  
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Equation (7) represents the switching function in which Uo is 
defined as the steady-state value of u and Δu as the perturbed 
component of u. 

� =  %� +  &�         (7) 

 

Fig. 1. The CHB multilevel active front end rectifier circuit. 

 

Fig. 2. The overall control structure of the system. 
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III. PROPOSED CONTROL SCHEME 

Fig. 2 shows the proposed control scheme for the control of 
the CHB multilevel AFE rectifier. The PI method is used to 
regulate the output DC voltage. The number of output voltages, 
n, is summed and divided by n. In this case, n = 3. This value is 
controlled to track the desired voltage value. The PI controller 
generates the amplitude of the reference current value. By using 
the PLL output, the reference current signal for the current 
controller is generated. 

The state-variables can be formulated in (7) – (9), where 
�
∗ , 


�
∗ and ���

∗  are the references for 
� , 
� and ���.  

     (� = �)� − �)�
∗                                                       (8) 

    (� = �+)� − �+)�
∗                                                       (9) 

  (� = 
� − 
�
∗                                                         (10) 

The reference signal of the grid current is defined by the DC 
voltage controller. A PI controller is employed to track the DC 
voltage reference (Vo*), as given below: 
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where sinωt is obtained from the PLL. 
�
∗   and ���

∗  can be 

obtained, as below: 
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A- SMC Control Scheme 

The sliding surface is defined as 

8 = 9�(� + (� + 9�(�    (15) 

where 9� and 9� are positive real constants. When the system 
enters into the sliding mode (8 = 0), the state variables are 
forced to move on a sliding surface towards the origin ((� = 0, 
(� = 0, and (� = 0). To ensure that the motion of the state 
variables is maintained on the sliding surface, the existence 
condition must be met: 

0<SS &      (16) 

where 8+ represents the time derivative of S, and can be written 
as (17).  

8+ = 9�(+� + (+� + 9�(+�    (17) 

Time derivatives of the state variables can be written as follows: 
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where 7� = 1 ?����⁄  , 7� = 1 ?����⁄  , and the disturbance 

term  ;($) is given with 
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Substituting (18)-(20) into (17) results in 
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where E($) is the disturbance term given with: 
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To ensure the stability of the control system, existence of the 

sliding mode operation should be verified by satisfying 88+ < 0. 
The control variable u is expressed as below: 

� = −5
G6(8)    (24) 

Details on the controller design can be found in [23]. 

IV. SIMULATION AND EXPERIMENTAL RESULTS 

The proposed system is verified with simulation and 
experimental studies. The proposed controller was studied for 
both steady-state and transient conditions. For the simulation 
studies, the following parameters are used: grid voltage is 230V; 
the inverter side filter inductance is 0.8mH; the grid side filter 
inductance is 0.5mH; the filter capacitor is 10µF; resistances of 
inverter and grid side inductors are 0.08Ω and 0.05Ω, 
respectively; and the DC bus voltage is 200V. The results of the 
simulation are presented in Fig. 3 – 6. 

Fig. 3 and 4 show the steady-state operation of the converter. 
It is clear in Fig. 3 that the converter draws sinusoidal current 
from the grid and the current is in phase with the grid voltage. 
The three DC bus voltages are shown in Fig. 4, which 
demonstrates the DC voltage tracking accuracy, low overshoot 
and undershoot, and low capacitor voltage ripple.  

 

Fig. 3. The grid voltage and current waveforms. 
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Fig. 4. The DC bus voltages. 

 

Fig. 5. The harmonic spectrum and THD of the grid current. 

 

Fig. 6. The grid voltage and current and the DC bus voltages during 
load step up and down. 

 

It ıs also seen that three output voltages are balanced. The 
harmonic content of the grid current is also investigated. Fig. 5 
shows the current harmonic spectra. It is evident that the 
proposed SMC based controller provides low grid current THD 
(1.81%)ö and almost unity power factor is achıeved with 
synchronized and low harmonıc content grid current. 

The experimental results are shown in Fig. 6 – 12. The grid 
voltage, the grid current and three output DC cell voltages are 
given in Fig. 6. The dynamic performance of the system was 
evaluated for both load step up and step down. It is shown that 
the converter maintains good transient performance and there is 
no disturbance in the grid current. The overshoot and undershoot 
during load steps in the DC bus voltages are approximately 5%. 
The overall strategy provides fast recovery during transients.  

The output DC voltage (Ch. 3), the grid voltage (Ch. 1), and 
current (Ch. 2) waveforms are given in Fig. 7. It is seen that the 
current drawn from the grid is in sinusoidal waveform and in 
phase with the grid voltage. The harmonics content of the 
current signal is low. Besides, the DC output voltages also track 
their references. Fig. 8 shows the three output DC bus voltages.  

 

Fig. 7. The grid voltage and current and DC bus voltage of one 
module.  

 

Fig. 8. DC bus voltage of all three modules. 
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Fig. 9. The grid current and  DC bus voltage at load step up and 
down. 

 

 

Fig. 10. The grid current and DC bus voltages at load step up.  

    

 

Fig. 11. The grid current and DC bus voltages at load step down.  

 

 

Fig. 12. The grid voltage and current during both load step up and 
down. 

It is seen that all three DC bus voltages are balanced. The 
transient response of the proposed controller is also tested with 
experimental studies for a 50% step change in load, from 50% 
load to 100% load and vice versa, as seen in Fig. 9. The grid 
current and output DC voltage waveforms are also given in this 
figure. It is seen that both the DC voltage controller and the 
sliding mode based current controller yield excellent transient 
response with low overshoot and undershoot. 

In Fig. 10 and 11, the DC voltages of each module and grid 
current are zoomed in at the transition of the step load to provide 
better observation of the dynamic performance of the controller. 
It is clear that the grid current is in sinusoidal waveform even 
during the transients, and synchronous with the grid phase and 
frequency. Thus, it is evident that unity power factor is achieved. 
In addition, the proposed control approach provides fast 
transient response and suppress the oscillations on the output DC 
voltage and the grid current. Moreover, the LCL filter resonnat 
is also suppressed with proposed current controller. The system 
can offers robust performance. The grid voltage and current are 
given at the step change instants in Fig. 12.  

V. CONCLUSION 

In this study, the SMC scheme has been applied to a single-
phase CHB multılevel AFE rectifier. A PI controller was used 
to control the voltage and generate the amplitude of the current 
reference signal. By using the PLL system, the grid current 
reference, which is tracked by the SMC controller, is obtained. 
The grid current and capacitor voltage of the LCL filter are used 
as feedback signals. The proposed controller was validated 
through simulation and the presented experimental results.  The 
simulation and experimental results show that the rectifier 
current drawn from the grid is in phase with the grid voltage, is 
in sinusoidal waveform, and has a THD level of 1.81%. 
Additionally, the resonance of the LCL filter is also damped 
without any additional active and passive damping methods. 
This CHM multilevel AFE rectifier with multiple output DC 
voltages is a suitable topology for high power direct medium 
voltage connected solid-state transformer applications, 
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especially when secondary side of the multiple transformer 
units are connected in parallel to achieve desired power. 
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