
  

  

Abstract— Harmonic Control Arrays (HCA) is a technique 
that is based on adjusting the harmonic components of the 
control signal for systems with periodic references and 
disturbances. In this study, a microcontroller implementation of 
the HCA method, the algorithm, and the results has been 
represented. A first order system, consisting of a resistor and a 
capacitor has chosen as the plant, and a periodic reference signal 
have been applied on it. 

I. INTRODUCTION 

The Harmonic Control Arrays (HCA) is a method that is 
recently asserted for control systems with periodic references 
and disturbances [1-3]. The technique is proposed and applied 
for inverter systems before. It provided zero steady state error 
for fundamental frequency, and the harmonics controlled. The 
principle of the method is, applying the desired control process 
to each harmonic component of the error signal one after 
another. 

The discrete-time Fourier transform of a function X to a 
sequence x[n] is defined by 
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The cost of lesser settling times, without increasing the 
steady state errors, of the HCA technique is more processing 
speed. In addition, a single-tasking microcontroller cannot 
handle complex variables and the sequence is needed to be 
defined in rectangular form as 
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where Xre(ejω) and Xim(ejω) are the real and imaginary parts of 
X, respectively, and are real functions of ω [5]. Applying the 
control method to all of the real and imaginary components of 
the Fourier series expansion one by one, rather than applying 
to the variable at the left hand side of Eq. 1 requires extra 
processing power for each component computed. 

In this paper, a study of a microcontroller-based control 
with HCA technique has been represented, the algorithm has 
been discussed, the application has been shown and the results 
have been given.  
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Proportional-integral (PI) controller has been chosen as the 
controller   type,   and   applied   as   in   the   dynamical   phasor 
representation [6-9] of the error variable with different 
proportional and integral parameters (Kp and Ki). A sinusoidal 
periodic reference has been chosen, and the control signal have 
been applied to an L-type low-pass filter shown in Fig. 1 with 
a STM32F4Discovery kit featuring a 32-bit ARM® Cortex® -
M4 with Floating Point Unit (FPU) core microcontroller unit 
(MCU) as the control unit [10].  

The FPU of the MCU empowers the 168 MHz processing 
frequency and makes the system capable, even for more 
complex applications with more processing speed cost. 

 The control signal applied to the plant via analog-to-digital 
converter (ADC), and the feedback is taken from the plant 
using digital-to-analog converter (DAC) included with the 
MCU. 

The results have been taken using MATLAB via a 
Universal Serial Bus to Transistor-Transistor Logic (USB-to-
TTL) converter using serial port protocol [11].  

II. DISCRETE TIME DESCRIPTION OF HCA METHOD 

The HCA structure can be shown as Fig. 2 where r is the 
reference input, y is the system output, e is the error, and u is 
the control signal. Special operations of the method can be 
shown consisted by three blocks, consisting of the block 
shown with “< >” symbol is called Harmonic Disperser, the 
one shown with “> <” symbol is called Harmonic Assembler, 
and the main HCA block where the controller applied to the 
error signal for each harmonic. The arrows between the 
Harmonic Disperser and the Harmonic Assembler are 
corresponding for each harmonic component and the number 
of components are limited by the designer and processing 
capability of the control unit. 

 
Figure 1. The plant. 
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Figure 2. The HCA block diagram. 

A. Harmonic Disperser 

The harmonic disperser transforms the harmonic 
components of a signal x(t) as a function of time. For any 
signal, any hth order harmonic of a signal x[n] in discrete-time 
domain can be obtained as 
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where h is an integer, T is the fundamental period, ω = 2π / T 
is the angular frequency, Ts is the sampling period.  

x[k] = x(kTs), and <x>h[n] approximately represents 
<x>h(hTs). Note that the exponential term in (3) is a periodic 
function in time, that is   

( )2 πh / 2πh /   j k N j k N Ne e− − +=        (4) 

 For each k  Z, because of periodic nature of the Eq. 4, it is 
enough to calculate for only one period, for all of N samples. 
After these values are calculated for k = 0, 1, …, N – 1, instead 
of recalculating each time, these values can be stored at the 
memory, and be recalled whenever they are to be used. One 
other important processing time saving can be earned by not 
making extra identical calculations. Thus, Eq. 3 can 
alternatively be determined as 
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After the equation (5) is formed, because it depends on 
complex terms, and MCUs cannot process with complex 
variables, it is needed to transform to the rectangular form as 
in the Eq. 2. The exponential equation can be transformed to 
its sinusoidal equivalent with Euler’s formula as 

( ) ( )cosjxe x jsin x= +        (6) 

These separated real and complex terms can be stored as real 
variables in the memory. To implement the harmonic disperser 
of (5), it have to be transformed too, by the Euler’s formula as 
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 After this transformation, the separated real and complex 
parts of <x>h can be stored for the further processes. 

B. The HCA Controller Block 

In this block, desired controller can be applied to each 
harmonic component individually, with different parameters 
and different controllers.  

In this study, a PI controller with different proportional and 
integral parameters has applied as shown in Fig. 3 in z-domain. 
The microcontroller can calculate the summation at the 
integral as 

[ ] [ ] [ ] 1
h h s h

E n E n T e n= − + < >      (8) 

where Eh stands for the integral of <e>h in discrete frequency 
domain, as adding on each time the loop. The control signal 
after the PI block, therefore, can be written as 
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C. Harmonic Assembler 

The control signal must be reconstructed (i.e. assembled) 
before it is applied to the plant. Thinking the harmonic 
disperser as a kind of Fourier transform and the harmonic 
assembler as an inverse transform is conceivable. The control 
signal can be inverse transformed to discrete-time domain as 
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After the harmonic assembler, convenient mapping, and 
transformation, control signal will become suitable in 
continuous-time domain. 

III. MICROCONTROLLER IMPLEMENTATION OF HCA ON A 

FIRST-ORDER SYSTEM 

The resistance (R), capacitance (C) and signal frequency 
(f) values of the plant, and the sampling period (TS) (i.e. timer 
period) of the MCU is given in Table 1. Kp and Ki for each 
harmonic component has chosen as in Table 2. 

 

 

Figure 3. The controller inside the HCA. 



  

 

TABLE I.  SYSTEM VALUES  

Variable Value Unit 

R 2.17 kΩ 

C 1 μF 

f 100 Hz 

TS 100 μs 

 

TABLE II.  PI PARAMETERS 

Harmonic 
number Kp  Ki 

0 1.8 100 

1 2.7 135 

2 3 150 

3 2.7 135 

4 2.7 135 

 

The reference signal is sent as in the Fig. 4 where the x-axis 
is the sample number and y-axis is the corresponding integer 
value. It is enough to send the reference once via serial-port, 
and the program uses it in the algorithm repetitively. 

We used a periodic reference to study with five harmonic 
components, so that the method can be represented as 
revealing as possible in this study. Choosing the harmonic 
number higher may improve the results especially for 
nonlinear loads. 

A flowchart of the general algorithm used to program the 
microprocessor has given in Fig. 5, and the subprogram, the 
infinite timer loop where the control process happens used in 
the algorithm has given in Fig. 6. 

 

 

Figure 4. The reference signal 

 

 

Figure 5. Flowchart of setup algorithm. 

Figure 6. Flowchart of the main loop (timer interrupt). 



  

 

IV. RESULTS 

The reference signal (r), the output signal (y), the error 
signal (e), and the control signal (u) are given with Fig. 7. 
There, and on the reference signal given with Fig. 4, the 
numbers of the y-axis on the plot can be converted to real-
time voltage values by 

 
  

 
real ref

Digital value
V V

Digital max
=      (11) 

where Vreal is the real time voltage, and Vref is the reference 
voltage of the DAC [12]. In this study, Vref of the DAC is 3.3 
Volts, and maximum digital value of it is 4095 since it supports 
and works with 12-bits. 

  The corresponding output voltage of the steady state output 
signal in Fig. 7 and the reference signal sent as given in Fig. 4 
can be seen as equal by applying the values on the y-axis in 
Fig. 7 to Eq. 11.  

The amplitude is (1000 / 4095) * 3.3 = 0.8 Volts, and the 
offset is (2000 / 4095) * 3.3 = 1.6 Volts.

Figure 7. The reference, output, error, and control signals.

An oscilloscope screen image of the steady state output 
voltage of the plant has given with Fig. 8 to crosscheck the 
results and the image of the prepared graphical user interface 
(GUI) in MATLAB used to send the parameters via serial port 
has given in Fig. 9. 

Figure 8. Screen image of the oscilloscope. Figure 9. GUI. 



  

In addition, sample correlative code blocks of the setup and 
main loop is given in Fig. 10 in C language, and a photograph 
of the control unit and the plant is given in Fig 11. 

 

Figure 10. Sample C-codes. 

 

Figure 11. Photograph of the system. 

V. CONCLUSION 

The method has been implemented on a simple first order 
electronic system and the error has been reached to steady 
state for its fundamental frequency and first four harmonics 
for a periodic reference with four harmonics. Working with 
more harmonics will provide better results, especially for 
nonlinear systems and for this example, the harmonic ripples 
on the error signal could be compensated. But this will require 
more processing speed and power. 

The PI parameters are chosen constant in this experiment, 
while an estimation based control can reach better results and 
also robustify the system. 

The method is also suitable for a system with FPGA as 
control unit if the technique will be applied in a way that one 
harmonic component information will effect the other. 
Parallel programming with an FPGA will meet the processing 
speed requirement for a situation like that. 
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