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Abstract

Variable frequency devices are widely used in many power systems. A current tracking
based VFD is proposed in this paper. The output current is firstly fed back and compared with a
standard sine wave, the difference of them is then used for a PI regulator to control the PWM
signal, so as to change the output current accordingly to make it approach the standard sine
wave. Simulation and experiments results show that the current tracking VFD not only has a fast
dynamic response, high current tracking precision, current limiting ability, but also has small
distortion of the output sine wave current and low loss of the motor.
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1. Introduction

Nowadays, variable frequency devices (VFD) are widely used in many power systems,
such as mechanical drive systems and control systems. It is important to improve the control
strategy to make it adaptable to different situations. The frequency variation method can be
divided to two types: the voltage controlled frequency variation and the current controlled
frequency variation [1].

Voltage frequency transformation (V/F) is one of the widely used voltage controlled
frequency variation methods [2]. There are two most commonly used modulation modes for V/F:
the sinusoidal pulse width modulation (SPWM) and the space vector pulse width modulation
(SVPWM) [3]. SPWM can basically meet the requirements in transmission, and it is also the
most widely used method in VFD, but when the motor runs at a low frequency, the maximum
output torque decreases [4]. The purpose of SVPWM is to generate motor circular magnetic
field trajectory, which can improve the voltage utilization, but SVPWM can not adjust the torque
conveniently [5].

Conventional voltage controlled VFD has bad performance on dynamic response and
steady state accuracy of the output current. What's more, the waveform distortion of the output
sinusoidal current is serious, which contains a lot of high-frequency harmonics [6], resulting in a
decline of efficiency for the motor.

Vector control [7-9] is a high-performance current controlled frequency variation
method. The vector control method uses Park transformation, Clarke transformation, inverse
Park transformation and inverse Clarke transformation to decompose the stator current and get
covariant with torque and magnetic field [10]. However, this method depends a lot on the
parameters of the motor [11], moreover, the rotor flux can not be measured accurately. For
these reasons, the actual performance of the vector control based method is not good.

As mentioned before, voltage controlled VFDs may not provide sufficient torque for the
motor, the current controlled VFD is studied in this paper. A current tracking based control
method for VFD is proposed. This method controls the output current of the VFD directly, so the
VFD can control the motor output torque more easily, it can also be effective in preventing the
occurrence of VFD’s over-current, and reducing the current fluctuations during the acceleration
and deceleration process.

The basic idea of the current tracking method is to track the given sine wave signal
based on the motor load, and then change the amplitude or frequency of the given sine wave.
For implementation, a three-phase stator current is firstly gotten and compared with the given
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current signal. The bias current is then calculated, which is then put through a Proportion-
Integration regulator. The PWM duty cycle of the inverter part is then regulated to make the
three-phase stator current approach the given current signal gradually. The current tracking
control of the VFD actually constitutes a current closed-loop control system.

2. Principle of Current Tracking

The current tracking VFD system contains five parts: the current waveform generation
part, the PI regulator, the PWM part, the inverter and the motor, the first three belong to control
part, and last two belong to power part, all of these form a current closed loop feedback system.
The framework of the system is shown in Figure 1. In the diagram, PWM1 to PWM6 represents
6 PWM signals input to inverter part, U, V and W represent 3 output voltages of the three-phase
bridge, M represents an induction machine. In the current waveform generation module, 3 sine
waves are generated as the standard three phases by a 32-bit microcontroller, the phase
difference between each two phases is120 ° . i, and i, are the two output currents of the VFD,
which are measured by hall current sensors. The three currents satisfy that iy +i, +iy =0, so
the third phase current can be obtained by the formula: i, = -i, -in. The proportional-integral
regulator (PI regulator) uses the two feedback currents and the three standard sine signals to
calculate a new duty cycle for each bridge.
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Figure 1. The Framework of whole System

Give one of the phases U as an example. If the given standard sinusoidal current signal
is iy, while the actual output current signal is i, . In each PWM cycle’s interrupt, the actual signal
is compared with the given signal, and the current deviation Aiu is obtained. When Aiu is
passed through an anti-windup PI regulator, the inverter’'s duty cycle is changed, so as to adjust
the output current. The current tracking diagram is shown in Figure 2. As seen from the figure,
the higher the sampling frequency is, the closer the actual output current waveform to the
standard sine wave, and also the higher the accuracy for the current control.

iuk

Figure 2. Current Tracking Diagram

In practical applications, the motor will sometimes start quickly or decelerate rapidly,
and then the traditional Pl regulator’s instantaneous output deviation is too large to saturation,
resulting in a system shock, increasing of adjustment time and degradation of the performance
of the PI controller. In order to eliminate the adverse impact of such integral saturation, the anti-
windup PI regulator is introduced here, as shown in Equation (1).
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Where K is the proportional coefficient, K, is the integral coefficient, €, is the deviation
value of the k-th sampling time input, U, is the initial value when the PI controller starts working,
U, is the output value of the k-th sampling time, U is the maximum limit amount of control,
u . is the minimum limit amount of control.
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3. Matlab Simulation of the Enter VFD System

The proposed entire system was modeled and simulated with MATLAB/SIMULINK. It
includes two parts: the power part and the control part, whose connection relationship is shown
in Figure 1.

The diagram for the power part is shown in Figure 3, which contains 6 IGBTs and an
induction machine. The DC bus voltage is 310V, the induction machine is set to be a squirrel-
cage three-phase asynchronous motor, the stator resistance is 1.405 ohms, the rotor resistance
is 1.395 ohms, the stator inductance is 5.8mH, the rotor inductance is 5.8mH, the power of the
system is 4kW (actual VFD system’s power is 400W, 4KW is the smallest power model of motor
in SIMULINK), and the given torque to motor is 10N.m. The output terminals of the three-phase
stator current are I, I, I, which are used for feedbacks to the control part to control current
closed-loop.
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Figure 3. Simulation Diagram of the Power Part

The diagram for the control part is shown in Figure 4. The control part contains three
modules: the current waveform generation module, the PI regulator module, and the PWM
module. The applied modules, along with their parameters are shown in Table 1.

The current waveform generation module is used to generate standard sinusoidal
current signals. Each of the Pl regulator modules uses the error between the given sinusoidal
current and the feedback current signal as the input, and outputs an adjust value according to
the PI algorithm as shown in Equation (1). Then a constant value of 500 is added in to control
the CCRXx to be in the range of 0 to 1000, which is more convenient to be compared with the
value of counter. When the value of CCRx minus the value of the counter is greater than or
equal to 5, the hysteresis comparator (Relayx in the figure) outputs 1. When the value of CCRx
minus, the value of the counter is less than or equal to -5, the hysteresis comparator outputs is
0. The output of the hysteresis comparator can finally form a pair of complementary signals, with
the help of a logic inverter, to drive one of the half-bridge.
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Table 1. Simulation Module and Parameter Descriptions

Simulink module parameter descriptions of module
(x=1,2,3)
SineWavex Amplitude is 5, frequency is 50Hz, the phase difference between the two phases is 120°.

With output limit, Output Range is [-500,500], Proportionality coefficient is 0.5, Integral

PI_regulatorx coefficient is 0.1.

Cx Constant.
Counterx Maximum value is 1000, Sampling time is 1/5000000.
Subtractx Logic Subtract.
Relayx Hysteresis comparator, switch on pointis 5, switch off point is -5.
Logicalx Logic inverter.
Current Waveform
Generation  The PI regulator PWM

Subtract1

Logicall

Subtract2

Logical2

Subtract3

Figure 4. Simulation Diagram of the Control Part

The simulated output currents of the VFD are shown in Figure 6. As seen from the
figure, the currents can be tracked within 5ms. A comparison of the standard sine wave to the
output current is shown in Figure 7, which shows that the waveform of the output current is very
good. The frequency analysis of the output is shown in Figure 8. As seen from Figure 8, the
fundamental frequency of the output current is 50Hz, the frequency of the carrier is 5kHz. In
addition to the fundamental signal and the carrier, many harmonic components of the carrier
exist, but their magnitudes decrease rapidly with the increase of the frequency. The total
harmonic distortion is only 1.57%, which is very low.
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Figure 6. Waveform of the Simulated Current Figure 7. Current Tracking Result
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The closed-loop current control strategy can control the amplitude and phase of the
motor stator current conveniently and precisely. The simulated waveform of adjusting the
current from 5A to 3A is shown in Figure 9. The speed of adjustment is related to the
parameters of the PI regulator. With a proper set of parameters, the adjust time can be less than
5ms, as shown in Figure 9, which shows that the performance of the Pl regulator is satisfactory.
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Figure 8. Frequency Analysis of the Output Figure 9. Current Waveform Adjustment
Current

4. The Practical Results

A 0.4kW VFD is designed according to the proposed control algorithm. The whole
system is divides into two boards, the control board and the power board.

The control board is shown in Figure 10, which is the core part of the whole VFD
system. The selected MCU is ST Company’'s STM32F103, which has a high speed and precise
computation.

The power board is shown in Figure 11. It supplies different voltages required by the
system, and provides power output to the motor. The hall current sensors are selected to be
ACS712, which can measure the output current precisely and fast. The power output part uses
an intelligent power module (IPM), which integrates 6 IGBTs, the drive circuits, and the
protective circuits together. So, it is very simple and reliable to use it.

The actual waveform of the asynchronous motor’s phase current is shown in Figure 12.
The sampling frequency is 5kHz and the RMS value of the current is set to be 0.5A. In Figure
12(a) on the left, horizontal axis represents signal’s time, and vertical axis represents signal’s
amplitude. One grid on horizontal axis represents 10.0ms, and one grid on vertical axis
represents 5.00mv, we can see from the figure thatt = 20ms,a =15mv, the RMS of current is
about 5.3mv, and the current probe ratio is 1:100 (0.01V / A), so the RMS of actual current is
0.53A, and frequency is 50Hz. In Figure 12(b) on the right, the only difference is that one grid on
horizontal axis represents 50.0ms, so the frequency is 10Hz, and the RMS of actual current is
as same as the figure on the left is about 0.5A. In both figures, we can see some spurs around
the waveforms; it is disturbed by strong magnetic field generated in power part. So, as seen
from the figure, the current is tracked pretty well.
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Figure 10. Control Board In VFD System Figure 11. Power Board In VFD System
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Figure 12. Actual Phase Current Waveform

5. Conclusion

A closed-loop current tracking VFD with a PI controller is proposed. The 32-bit MCU
STM32F103 is used to implement the control algorithm. Current signals are collected by hall
current sensors and fed back to the MCU, which computes the standard sine signal, regulates
output through a PI regulator, and generates 6 PWM signals in real time. With simulation and
experimental verification, the current tracking VFD is proved to have good performance on the
current closed-loop control. Not only fast dynamic response, high accuracy of current track, and
current limiting ability is achieved, but also the advantages of small distortion with sine wave
current, low loss of motor, and simplicity in control are obtained. Obviously the proposed VFD
has better performance than traditional voltage-controlled VFD.
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