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Abstract— Hysteresis Current Control (HCC) is considered one of the most popular PWM techniques used in 

active power filters applications. The variable switching frequency is an associated problem with the conventional 

HCC. In this paper, a novel adaptive HCC algorithm is introduced. The proposed algorithm inherits the advantages 

of the conventional HCC algorithm and effectively mitigates the problem of the variable switching frequency, 

associated with the conventional HCC. The proposed algorithm uses a closed-loop control scheme to maintain a 

nearly constant switching frequency for a Hysteresis current controller. Although this algorithm was applied on 

shunt active power filters, it can be extended to other applications. The proposed algorithm is validated through 

simulation results using MATLAB/SIMULINK. 
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I. INTRODUCTION 

With the proliferation of nonlinear loads in the power system, harmonic pollution becomes a 

serious problem that affects the quality of power in both transmission and distribution 

systems.  The problems caused by harmonics include malfunctioning of fuses or circuit 

breakers relays, heating of conductors and motors, insulation degradation, and communication 

interference [1]-[3]. 

Passive filters have been used to compensate for harmonic voltages and currents. Even though 

passive filters are cheap and easy to operate, they have low harmonic bandwidth, can be 

subjected to resonance, have large sizes, and are affected by source impedance [4]. However, 

active power filters (APFs), which are more dynamic, have been introduced as an effective 

means to overcome the problems associated with passive filters. An APF measures the 

distorted signal and, based on a harmonic detection algorithm, decomposes the distorted 

signal into its fundamental components and other harmonic components. The active filter then 

uses a power electronics based circuit to compensate for the harmonic components, the 

reactive power, and any other distortion (such as unbalanced waveforms) [5], [6]. 

One of the most crucial parts for the success of the compensating process by APFs is the 

PWM control technique used in APFs. The precise and fast control algorithms are required in 

order to achieve the sinusoidal current. Literature contains many algorithms used to drive the 

APF circuit [5]-[12]. The hysteresis current control (HCC) algorithm is considered one of the 

most suitable PWM algorithms because it is fast, easy to implement, accurate, and 

unconditionally stable [13]-[15]. The conventional HCC algorithm has a few drawbacks such 

as variable switching frequency and interference between phases in three phase case [16]-

[20]. These drawbacks can drive the APF circuit to excessive switching, which can cause 

devices failure and increase switching losses. The literature introduces four main techniques 

used to tackle the problem of the variable switching frequency for the HCC algorithm: (i) 

space-vector based hysteresis current controllers [21], [22], (ii) adaptive hysteresis band 
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current control technique [17], [23], (iii)  fuzzy based hysteresis current controller [24], [25], 

and (iv) neural network based hysteresis current controller [26]-[29]. While many of the 

introduced algorithms reduce variation in the switching frequency, they add complexity to the 

basic HCC algorithm such as: the need to calculate the derivatives of load currents, overhead 

computations, or the use of the PLL. This complexity is not suitable for APFs applications. 

This paper introduces a novel, effective, and easy-to-implement adaptive control algorithm 

for the HCC. The proposed algorithm uses a closed-loop control scheme that compares user-

defined reference switching frequency with actual switching frequency, and then updates the 

hysteresis band to obtain nearly constant switching frequency. 

II. SYSTEM ANALYSIS 

Fig. 1 shows the system configuration of the Shunt Active Power Filter (SAPF). The main 

purpose of the SAPF is to compensate for current harmonics of the non-linear load; it cannot 

be used for compensating the harmonics of the voltage-source harmonics [28]. The SAPF is 

driven by a controller to draw a compensating current Ic from the source. This compensating 

current equals the sum of the harmonics and the reactive currents drawn by the non-linear 

load. Theoretically, the resultant source current (Is) should be harmonic free and in-phase with 

the AC mains voltage [5], [6]. 
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Fig. 1. SAPF block diagram 

 

A. System Modeling 

In order to derive the relation between the hysteresis band and switching frequency, the power 

circuit of the SAPF shown in Fig. 2 has been adopted. The SAPF is assumed to be connected 

to a balanced three-phase system as shown in Fig. 2. The switching transistors T1 through T6 

are supposed to be driven by HCC unit. 

By applying the Kirchhoff’s voltage law, the following equations can be obtained: 

��� � ��� � ��� 

��	 � ��
 � ���                                                                                                                  (1) 

��� � ��� � ��� 
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Fig. 2. VSI based three-phase shunt active power filter 

 

Taking into account the balance three-phase system in (1), the S-point-to-neutral voltage is 

given by summing (1) as: 

��� �  �� ���� � ��
 � ����                                                                                               (2) 

 

Substituting (2) into (1)  

��� � 23 ���  13 ��
  13 ��� 

��	 �  �� ��� � 
� ��
  �� ���                                                                                                          �3� 
��� �  �� ���  �� ��
 � 
� ���   

 

Equation (3) can be rewritten in matrix form as: 

������	��� � � ��  � 2 1 11 2 11 1 2 � ������
����                                                                                                     �4� 
 

Based on a switching function (Sk), the voltages Vf1, Vf2, and Vf3 can be switched between 

three values: 0, +VDC, or -VDC. The switching function (Sk) of the k
th
 inverter leg (k=1, 2, 3) 

can be defined as: 

�� � �1, if T  is ON and T '� is OFF0, if T  is OFF and T '� is ON*     j�1,3,5                                                                           �5� 
 

The voltages Vf1, Vf2, and Vf3 can be written as: 

������
���� �  ����
��� �-.                                                                                                                                �6� 
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Substituting (6) into (4), the SAPF phase-to-neutral voltages can be expressed as: 

������	��� � � ��  � 2 1 11 2 11 1 2 � ����
��� �-.                                                                                               �7� 
 

The switching vector [S1 S2 S3] can have eight possible switching states and, based on these 

switching states, the voltages Vfa, Vfb, and Vfc can be switched between five values as shown in 

Table 1. 

TABLE 1 

POSSIBLE SWITCHING STATES AND THE CORRESPONDING VALUES OF THE VOLTAGES 

State # S3 S2 S1 Vfa Vfb Vfc 

1 0 0 0 0 0 0 

2 0 0 1 2/3 VDC -1/3 VDC -1/3 VDC 

3 0 1 0 -1/3 VDC 2/3 VDC -1/3 VDC 

4 0 1 1 1/3 VDC 1/3 VDC -2/3 VDC 

5 1 0 0 -1/3 VDC -1/3 VDC 2/3 VDC 

6 1 0 1 1/3 VDC -2/3 VDC 1/3 VDC 

7 1 1 0 -2/3 VDC 1/3 VDC 1/3 VDC 

8 1 1 1 0 0 0 

 

The variation in the voltages Vfa, Vfb, and Vfc during the switching period makes the derivation 

of the relation between the hysteresis band and the switching frequency difficult. For 

simplicity the average values of the voltages Vfa, Vfb, and Vf during one switching interval (TR 

or TF) are adopted as in [17]. Fig. 3 shows the average rising and falling current inside the 

hysteresis band in a conventional HCC, which is used to control the SAPF in Fig. 2. The 

differential equations of the phase a current Ia for the intervals TR and TF can be expressed 

as: 

1� 2345627 � 8���-.  ��                                                                                                                     �8� 
1� 2345:27 � 8���-.  ��                                                                                                                  �9� 
2345627 � 2345:27 � 0                                                                                                                                 �10� 

 

where Lf is the coupling inductor of the SAPF, Ifa
R
 and Ifa

F
 are the respective average rising 

and falling current segments, QfaVDC is the average applied voltage during either the rising or 

falling segment (assumed to be the same), and Va is the source voltage of the phase a 

measured at the connection point. 
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Fig. 3. Average rising and falling current 

 

From the geometry of Fig. 3, the following equations can be derived: 

2345627 <=  2345>27 <= � 2?@                                                                                                                �11� 
2345:27 <A  2345>27 <A � 2?@                                                                                                            �12� 
<= � <A � < � �AB                                                                                                                           �13� 

 
Adding (11) and (12) and using (13) would result in the following equation:  

2345627 <= � 2345:27 <A  �AB
2345>27 � 0                                                                                                     �14� 

 

Subtract (12) from (11): 

2345627 <=  2345:27 <A  �<=  <A� 2345>27 � 4?@                                                                                �15� 
 

Substitute for 
2345:27  from (10) into (15): 

4?@ � �<= � <A� 2345627  �<=  <A� 2345>27  � �AB
2345627  �<=  <A� 2345>27                                    �16� 

 

Substitute for 
2345:27  from (10) into (14) and simplify: 

�<=  <A� � CD45>
CEABCD456

CE
                                                                                                                         �17� 

 

Substitute (17) into (16): 

4?@ � �AB FGG
H2345627  ICD45>

CE
JK

CD456
CE LMM

N                                                                                                            �18� 
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Substitute for 
2345627  from (8) into (18) and simplify: 

O� � P45QRSTQ5UVWX4 Y1  ZJX4J
�P45QRSTQ5�J[                                                                                             �19� 

 

where \ � 2345>27  is the slope of the reference current. 

Equation (19) shows the viability of maintaining the switching frequency (Fs) constant if the 

hysteresis Band (HB) is modulated to minimize the effect of the variation in the slope of the 

reference current (m), the phase voltage (Va), and the supply voltage (QfaVDC). 

 

B. Conventional HCC Algorithm 

Fig. 4 shows how the conventional HCC algorithm works. It depends on the current error (∆I) 

between the reference current (Ic
*
) and the actual current (Ic); if this difference exceeds any 

boundary of the hysteresis band the switching state will be toggled as follows: 

ΔI� Ic*- Ic 
If     Ic < Ic*-HB     or     ΔI >HB     then     Output�1�ON� 

 

This means that if the actual current is below the permissible value, the upper side transistor 

of the APF (i.e. T1, T3, or/and T5) will be turned ON and the lower side transistor of the APF 

(i.e. T4, T6, or/and T2) will be turn OFF. This action will connect the load to the positive DC 

side and cause the actual current to rise and bring it back within the hysteresis band. 

If     Ic > Ic*�HB     or     ΔI <-HB     then     Output�0�OFF� 
 

This means that if the actual current is above the permissible value, the upper side transistor 

of the APF (i.e. T1, T3, or/and T5) will be turned OFF and the lower side transistor of the APF 

(i.e. T4, T6, or/and T2) will be turned ON. This action will connect the load to the negative DC 

side and cause the actual current to fall and bring it back within the hysteresis band. 

The switching period (T) is given by: 

T � TON � TOFF 
 

where TON is the time while the switch is on  and TOFF is the time while the switch is off.  

Also, the switching frequency (FS) is given as: 

O� � �m   
 

In conventional HCC, two successive switching periods are not necessarily equal. This 

inequality in switching periods results from two reasons: (i) the rising and the falling slope of 

Ic are dependent on system parameters, (ii) it can be affected by the other phases’ interference 

in the case of three-phase systems. Those reasons make the conventional HCC suffer from 

variable switching frequency. 
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Fig. 4. Conventional hysteresis current control algorithm 

III. PROPOSED ADAPTIVE HCC ALGORITHM 

Fig. 5 shows the block diagram for the proposed algorithm. The proposed algorithm inherits 

all the good merits of the conventional HCC algorithm because this algorithm is built around 

a conventional HCC algorithm with the modulation capability for the hysteresis band. It does 

not need any information about system parameters. Unlike other algorithms used to tackle the 

variable switching frequency in conventional HCC, it preserves the simplicity of the 

conventional HCC algorithm which makes it easy to be implemented. Also, this algorithm 

provides a direct measurement for the actual switching frequency. This makes it possible to 

build closed-loop control systems where continuous assessments for the algorithm 

performance can be achieved. 

Two counters are used to implement this algorithm: (i) asynchronous counter, the output of 

the counter depends on asynchronous clock, (ii) synchronous counter, the output of the 

counter depends on synchronous clock. The proposed closed-loop scheme uses the output 

pulses of hysteresis current unit as the input clock of an asynchronous counter as shown in 

Fig. 5. The output of the asynchronous counter, which is related to the actual switching 

frequency, is compared to the output of a synchronous counter, which is related to the 

reference switching frequency. The difference between the counters outputs is used to 

modulate the hysteresis band. 

Fig 6 shows the flow diagram of the proposed adaptive HCC algorithm. A conventional HCC, 

with a variable hysteresis band, is used to drive a three-phase SAPF. The error (E) between 

the output of the reference synchronous counter and the output of asynchronous counter, 

driven by the pulses of the conventional HCC, is calculated as: 

n � opq�  o��7                                                                                                                             �20� 
 

where Nref is the output of the reference synchronous counter and Nact is the output of the 

asynchronous counter. 
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Fig. 5. Proposed adaptive HCC algorithm block diagram 

 

 

 

While the error between these counters is zero, the controller will act as a conventional HCC. 

Once there is a mismatch between the two counters, the controller calculates a new value for 

the hysteresis band based on the sign. The value of that error is: 

?@rqs � ?@tu2  v > n                                                                                                               �21� 
 

where HBnew is the new calculated hysteresis band, HBold is the old hysteresis band, and η is a 

regulation factor obtained based on experience or by trial and error. 

If the new calculated hysteresis band exceeds a preset values for the upper (ULim) and lower 

(LLim) limits of the hysteresis band, the controller takes the limit value as the new value for 

the hysteresis band. Otherwise, the controller will adopt this value as the new hysteresis band.  

To illustrate the proposed HCC algorithm, the following numerical example shows how the 

proposed algorithm updates the hysteresis band for a given scenario. If the following scenario 

is assumed: 

HBold=14A, ULim=25A, LLim=0.1A, Nref=3, Nact=5, Iref=300A, Iactual=315A, η=0.75A, and the 

hysteresis band output will be 1 (ON). 

According to the proposed algorithm, the error E can be calculated as: 

n � opq�  o��7 � 3  5 � 2  
 

This means the switching frequency is higher than the reference frequency and it needs to be 

adjusted. The new hysteresis band HBnew can be calculated as: 

 

?@rqs � ?@tu2  v > n � 14  0.75 > 2 � 15A  
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Fig. 6. Flow diagram of the adaptive RBFNN algorithm 

 

 

The HBnew is within the upper (ULim) and lower (LLim) limits. The calculated HBnew will be 

adopted; and the hysteresis band will be updated to be 15A. The current error (∆I) is 

calculated as: 

∆z � zpq�  z��7{�u � 300  315 � 15A 
 

To see the effect of the new algorithm, the following cases are considered: 

 

• With conventional HCC algorithm: 

 

The HBold cannot be updated and will remain equal to 14A, so with ∆I<-HB=-15<-14 the 

Output=0 (OFF). The hysteresis current controller will toggle its state, the output will be 0 

(OFF) and the switching frequency will remain the same. 
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• With proposed HCC algorithm: 

 

The HBold will be updated to the value 15A, so ∆I now is -HB<∆I<HB=-15<-15<15 the 

Output=remain the same 1 (ON). The hysteresis current controller will keep its current state 

and the output will be 1(ON). As a result, the switching duration TON and T will increase and 

the switching frequency will decrease because 

FS�1/T 
 

IV. SIMULATION RESULTS 

The proposed algorithm was used to control a SAPF system. The reference current was 

generated using the p-q theory as illustrated in the Appendix. For simplicity, the capacitor of 

the dc side of the SAPF is replaced by a constant voltage dc battery. The SAPF system has the 

following parameters: 

 

Voltage Source: 400V L-L, 60Hz , source resistance 0.06mΩ, source inductance 2µH 

Nonlinear Load: 

 

Three-phase thyristor rectifier with R-L load  (450kW active power, 

200kVAR reactive power) 

Sampling Rate: 5120 sample/cycle 

Ref. cycles #: 3 cycles 

 

 

Fig. 7(a) shows the actual current of the SAPF and Fig. 7(b) shows the reference current. The 

Fig. shows the ability of the proposed algorithm to track the reference current. Fig. 8 shows 

the source current. It can be seen that the source current becomes almost sinusoidal the 

moments the SAPF is ON. The noise in this current can be easily filtered out by an external 

passive filter. 

The performance of the proposed algorithm can be measured by comparing it with a 

conventional HCC for the same system parameters. The band width for the conventional HCC 

was set to 0.1 and the proposed algorithm was to move between a value of 0.1 as a lower limit 

and a value of 30A as an upper limit. 

Fig. 9 shows the performance of both the conventional HCC and the proposed algorithm to 

maintain a 7kHz reference switching frequency. The performance criterion was set based on 

measuring the error between the reference counter output, as shown in Fig. 5, and (i) the 

counter driven by the conventional HCC and (ii) the proposed algorithm. This error is 

calculated and plotted against a reference line. The Mean Square Error (MSE) for both 

algorithms was calculated. The proposed algorithm has a smaller (MSE= 9.93) compared to 

the conventional one (MSE= 303). 
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Fig. 7. SAPF output current: actual current (a) versus reference current (b) 
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Fig. 8. Source current: phase a 

 

 

 

 

 



66                              © 2015 Jordan Journal of Electrical Engineering. All rights reserved - Volume 1, Number 2 

 

 

 

 

 

 
Fig. 9. Performance of both proposed algorithm (MSE=9.93) and the Conventional (MSE=303) 

 

 

 

The consequence of the upper limit existence in the proposed algorithm is investigated in Fig. 

12. It can be seen that for a 7-kHz reference switching frequency, the MSE for performance of 

the proposed algorithm with upper limit is greater than the one without upper limit. But the 

importance of this limit is the permissible current error in this algorithm as illustrated in Fig. 

10. 

Fig. 13 shows an example of the effect of the upper limit value on the performance of the 

proposed algorithm. It shows that for a 10-kHz reference switching frequency, as the upper 

limit value goes up, the MSE will be reduced. 

Fig. 14 shows the effect of the regulation factor (LR) on the performance of the proposed 

algorithm. Even though the MSE’s for the three tested values of the regulation factor (0.1, 0.5, 

and 1) were close, it can be seen that a reasonable higher regulation factor can help prevent an 

excessive switching frequency and enhance the fast response of the proposed algorithm. 
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Fig. 10. Source current for the phase "a" conventional HCC (a) and adaptive HCC algorithm (b) 
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15kHz
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Fig. 11. Adaptive hysteresis band variation for different reference frequencies: (a) 10kHz (b) 15kHz (c) 20kHz 
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Fig. 12. Performance of the proposed algorithm with and without upper limit for the hysteresis band 

 

 

 

 

 
Fig. 13. Performance of the proposed algorithm for different values of the upper limits of the hysteresis band 
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Fig. 14.  Performance of the proposed algorithm for different regulation factor values: LR=0.1, MSE=4.99; 

LR=0.5, MSE=23; and LR=1, MSE= 4.89 

 

V. CONCLUSIONS  

A novel adaptive hysteresis band current controller is presented in this paper. The proposed 

algorithm nearly maintains a constant switching frequency for the HCC controller. The 

proposed algorithm uses simple and easy to implement closed-loop control schemes to build 

the controller. It uses the difference between the readings of two counters, which are related 

to the reference and actual switching frequencies, to modulate the hysteresis band. The 

sensitivity of the proposed algorithm for different parameters is investigated. The dynamic 

response of the proposed algorithm for different changes shows the effectiveness of the 

proposed algorithm. Also, the proposed algorithm can be extended to different application 

such as motors drive applications. 

APPENDIX 

p-q Theory: consider the three-phase controlled rectifier with R-L load as shown in Fig. A. A 

uniformly distributed random gating signal is applied to the three-phase rectifier. The voltages 

and currents of the rectifier are sampled and used to calculate the instantaneous active power 

p and imaginary power q based on p-q theory [30]. Clark transformation is used to transform 

the voltages and currents from a-b-c domain to α-β domain as shown in (22) and (23).  

~����~ � �
� �1 �J �J0 √�
  √�
 � ����	�� �                                                                                                     �22�  
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 � ����	�� �                                                                                                      �23� 
 

 

 

 

 

 

 

 

 

Fig. A. Schematic diagram for three-phase controlled converter 

 

Then p and q are calculated from α-β domain voltages and current as shown in (24): 

���� � ~ �� ���� ��~ ~���� ~                                                                                                                     �24� 
 
The instantaneous p and q can be decomposed into the following: 

� � �� � ��                                                                                                                                          �25� 
� � �� � ��                                                                                                                                          �26� 

 
where �� is the constant part of p (which is coming from the fundamental components), �� is 

the oscillating part of p (which is coming from harmonics), and in similar fashion �� and �� for 

the q. 

In this paper, the used compensation strategy is called sinusoidal current strategy. Here both 

oscillating parts �� and �� are extracted by using the moving average technique. The resulting 

reference power signal contains �� plus �ut�� (additional power losses present) and �� is shown 

as pref and qref in (30) and (31), respectively: 

�pq� � �� � �ut��                                                                                                                              �27� 
�pq� � ��                                                                                                                                            �28� 

 
The reference current in α-β domain can be calculated by: 

~��pq���pq�~ � ~ �� ���� ��~T� ��pq��pq��                                                                                                      �29� 
 
Then the reference current in a-b-c domain can be calculated as: 

���pq��	pq���pq� � � �
� ��
1 0�J ��J

�J ��J
�� ~��pq���pq� ~                                                                                                  �30� 
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