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Abstract
Phase locked loop (PLL) is a technique which has contributed significantly
toward the technology advancement in communication and motor servo
control systems. Inventions in PLL schemes combining with novel integrated
circuit have made PLL devices important system components. The
development of better modular PLL integrated circuit is continuing. As a
result, it is expected that it will contribute to improvement in performance and
reliability for communication and servo control systems. In this paper, the
study of the speed control of induction motor (IM) drives using digital phase
locked loop (DPLL) is discussed. A novel scalar law which compensates the
slip frequency loop calculation is proposed. The overall investigated system is
tested using a 1Kw IM. Different speed trajectories are considered covering
the realistic operating range. The PLL IM drives controller is implemented all
around the most popular integrated circuits 4046 PLL. Experimental results
are presented to show the performance of the investigated control system.
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Introduction

Three phase IMs are the most widely used electrical motors due to their ruggedness,
robustness and low cost [1, 2]. It can be operated directly from the main. However, variable
speed and often better energy efficiency are achieved by means of a frequency converter
between the main and the motor. A typical frequency converter consists of a rectifier, a
voltage stiff dc link and a pulse width modulated (PWM) inverter. The inverter is controlled
with a digital signal processor (DSP).

A simple way to control the IM is to adjust the magnitude of the stator voltage
proportionally to its frequency. This open loop method known as the scalar control or
constant voltage per hertz law is still used for low cost frequency converter due to its
important advantages [2, 3]; a speed sensor isn’t needed. The knowledge of the motor
parameters is not necessary either implying that the strategy is robust. However, the dynamic
performance and the speed accuracy are poor [4]. To improve the accuracy of the rotor speed
in control strategy, the main idea is based on the slip frequency compensation [5]. It can be
divided into two classes. The first is based on the addition of frequency compensation in open
loop control strategy. While, for the second, the accuracy of the rotor speed is improved with
slip regulation in closed loop speed drives.

Improved techniques using the phase component of the stator current and a
compensation proportional to a slip signal have been proposed [6]. Vector compensation was
proposed in [7], but it requires both voltage and current sensors and accurate knowledge of
machine inductances. More recently, a scalar control scheme was proposed [8]. In this
scheme, the flux magnitude is derived from the current estimation. In [9], the slip
compensation was based on a linear torque-speed assumption which led to large steady-state
errors in speed for high load torques. A linearized frequency compensation control based on
an ideal IM was proposed in [10]. The frequency compensation is based on an estimation of
the air gap power and a nonlinear relationship between slip frequency and air gap power is
carried out in [5]. Since these methods are based on slip computation loop, the computation
time increases which decrease the performances of the overall control system.

To improve these performances of the open loop scalar IM drives, a feedback speed
control signal is added. Conventional speed closed loop control with slip frequency regulation
to improve the speed accuracy in open loop control strategy is based on the well-known motor

frequencies equation [11]. Here, the motor speed is compared to the target one and the error
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generates the slip frequency command through a controller and a limiter. The slip frequency
is added to the rotor speed to generate the frequency and voltage commands as shown in

Figure. 1.
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Figure 1. Bloc diagram of conventional scalar strategy in IM.

The high performance of the speed regulation depends on the performance of the
speed controller. Researchers have used various types of closed loop controllers for the IM
rotor speed. Among these controllers, the proportional integral derivative controllers are
widely used in the outer speed loop [12, 13]. However, the use of this type of controller is
more sensitive to parameter variation [14, 15]. To overcome this problem, adaptive [16, 17]
and robust [18-20] control laws were used. The adaptive control imposes a very computation
burden while Hoo robust control requires the knowledge of the disturbances boundaries [18].
The sliding mode control is also used in the speed loop [21]. The high chattering and
switching frequency limit the use of this controller [22, 23]. Recently, speed controllers based
on artificial intelligence techniques such as fuzzy logic and neural network based controllers
have been proposed [24, 25]. Since these approaches do not require the knowledge of a
mathematical machine model, the algorithm would remain robust despite of parameter
deviations and noise measurement [26, 27]. However, the computation expenses and the
requirement of expert knowledge for the system setup have seriously restricted their
applications in practice. In [28], an internal model controller (IMC) is developed for the
feedback of the scalar controlled IM. This IMC controller has the advantage of robustness,
ease of design and good responses. In some applications, a precise speed is required.
Excellent speed regulation can be achieved with a DPLL. In [29], Moore found that this

technique has significant ability to obtain precise speed regulation. When the feedback signal
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of the IM speed is synchronized with a reference signal, perfect signal speed regulation can be
realized about 0.02% to 0.1% of the steady state accuracy which is difficult to obtain by
conventional closed loop system scheme.

In the research work carried out in [30], the speed control of a three phase squirrel
cage IM fed by triacs devices in the lines is described. The speed closed loop regulation of the
system is then investigated with a DPLL scheme. In [31], the study of the IM DPLL speed
control loop is discussed. The IM is fed with thyristors power inverter. Here, the DPLL is
established using digital and analogical circuits. In [32], the authors have developed an
inverter fed IM drive using the PLL speed controller. A conventional closed loop speed
control with slip regulation to improve the speed accuracy in open loop control strategy is
achieved.

In this research paper, a novel and simple slip frequency compensation technique was
proposed. Since the output of the speed control feeds out the synchronous angular speed. This
method compensates the slip frequency computation loop. The higher performance of the
proposed method depends on the performance of the speed controller. As the DPLL has the
ability to obtain perfect speed regulation, it is used in speed loop regulation. The DPLL is
implemented using the inexpensive integrated circuit 4046. Experimental results are presented

to show the improvement in performance of the proposed method.

Material and Method

PLL Concepts
PLL is a feedback loop where a voltage controlled oscillator (VCO) can be
automatically synchronized to a periodic input signal. The basic PLL has three components
connected in a feedback loop [1] as shown in the block diagram of Figure. 2: a VCO, a Phase
Detector (PD) and a Low Pass Filter (LPF).
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Figure 2. Bloc diagram of the PLL.
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The VCO is an oscillator whose frequency fqs is proportional to input voltage. The
voltage at the input of the VCO determines the frequency of the periodic signal at the output
of the VCO. The output of the VCO and a periodic input signal (the reference) are inputs to
the PD. When the loop is locked on the input signal, the VCO output frequency is exactly
equal to f; the reference one. It is also said that the PLL is in the locked condition. The PD
produces a signal proportional to the phase difference between the reference signal and the
VCO output signal. The PD output is altered by a LPF. The loop is closed by connecting the
filter output to the VCO input. The output voltage of the filter is used to control the frequency
of the VCO. A basic property of the PLL is that it attempts to maintain the frequency lock
between the VCO output and reference signal even if the frequency of the input signal varies
in time [39].

Suppose that the PLL is in the locked condition, and that the frequency of the
incoming signal increases slightly. The phase difference between the VCO signal and the
incoming signal will begin to increase in time. The filter output voltage increases, and the
VCO output frequency increases until it matches the reference frequency, thus keeping the
PLL in the locked condition. The range of frequencies from minimal to maximal value where
the PLL remains in the locked condition is called the lock range of the PLL [36, 37].

If the PLL is initially locked and input signal frequency becomes smaller than fui,, or
if input signal frequency exceeds fnax, the PLL fails to keep the VCO frequency equal to input
signal frequency, and the PLL becomes unlocked. When the PLL is unlocked, the VCO
output oscillates at the frequency f, called the center frequency, or the VCO free-running
frequency. The lock can be established again if the incoming signal frequency gets close
enough to fo. The range of frequencies fo = fo - fc t, fo = fo + ¢ such that the initially unlocked
PLL becomes locked is called the capture range of the PLL [35]. The capture range 2f;
depends on the characteristic of the loop filter [36]. For the used filter, an approximate

implicit capture range expression can be founded as:

_VDD K, (1)

2 f
[ J

If the capture range is much larger than the cut off frequency f, of the filter, f/fy>1, (1)

can be written as:
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fo= 2K, f, )

where: Ky is the VCO gain or the frequency sensitivity.
Thanks to the rapid development of technology, the PLL is implemented using the

integrated circuit systems. The most used integrated circuit is the well-known 4046 chip [34].

Proposed Scheme of the Drive System

The block diagram of the proposed IM drive system is shown in Figure. 3.
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Figure 3. Bloc diagram of the novel scalar strategy IM DPLL speed control.
The closed loop control scheme of the induction motor is based on the DPLL rotor

speed controller. The strategy to assume the decoupling of the IM is the scalar one applied to

voltage source inverter.
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Scalar Control Strategy Principle
In steady state operation, the IM flux is approximately equal to the ratio [34]. The
correct utilization of the machine magnetic characteristic is done by maintaining the flux

constant below the base speed [1, 4]. In figure 4 is present a single phase equivalent circuit.
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Figure 4. Single phase equivalent circuit of the induction machine.

Based on the single phase equivalent circuit (Figure. 4), the electromagnetic power is
defined as [39]:

: V2 3
I:)em =Tesz=3&' R : ( )
S ICES,
g
By assumption, we neglect the stator resistance. Then, we get:
R, @)
T, =6nd’. T,

(?ﬁj+(Nean

where f, is the slip frequency. The mechanical dynamics of the IM is expressed as:

do
= =p(T.. -T
" P(Ten = T0)

If we give the zero value to the load torque (T.) and we neglect 2zNe, the transfer

Q)

function between the rotor speed » and synchronous speed s is given as:

© 3pd: _k (6)
R, Js+(R.f+3p2®?) 1+71s

0N

where p is the number of poles pair, f is the viscous coefficient, t is the time constant and k is
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the static gain of the system.

It can be seen from equation (6) that the rotor speed is controlled with the synchronous
angular speed. Therefore, to compensate the slip angular speed when a disturbance occurred,
a speed controller must be added. Compared to conventional scalar control, this novel scalar
strategy compensates the frequency slip calculation loop leading to a reduced calculation
time. In general, excellent slip angular compensation is needed. This feature can be achieved

by DPLL controller as shown in Figure. 3.

DPLL IM Speed Control

The overall system block diagram of 4046 PLL IM speed control is given in Figure. 3.
This system is roughly classified into two parts: the control and the power parts. The control
part is consisting mainly of 4046 PLL and a scalar control unit. A simple positive supply
voltage is needed for the chip. The positive supply voltage VDD is connected to pin 16 and
the ground is connected to pin8. The reference square wave signal goes to the input of an
internal amplifier at the pin 14 of the chip. The reference signal must be a square wave with a
50% duty cycle. Therefore, to obtain this target signal, a direct voltage is fed to pin 9 (the
input of the 4046 VCO) to give at its output (pin 4), a square wave signal representing the
target rotor speed. The VCO requires one external capacitor C; and one or two external
resistor (R; or Ry and Ry).

Resistor R; and capacitor C; determine the frequency range of the VCO and resistor
R, enables the VCO to have a frequency offset if required. The output motor speed is encoded
as a digital pulse train. The encoder frequency is feedback at pin 3 and compared to the target
frequency received at pin 4 by the PD [38]. The used PD in this application is the comparator
| of 4046. It is simply an XOR logic gate with logic down output when the two inputs are
either high or both low and the logic up otherwise. The output of the phase detector is
proportional to the phase error between the two inputs [36, 37]. The PD output is filtered by
an external LPF [38]. The obtained filtered voltage is proportional to the synchronous
frequency which feeds the scalar unit. Compared to the conventional scalar law [36], the
proposed scalar law compensates the slip frequency calculation loop.

The used filter has the transfer function defined as [36]:

FS) = o 1 0

S)= =
1+sR;C;  1l+sow,
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where fo=wy/2n is the cut off frequency of the filter. If f,<2fj, the output of the filter is
approximately equal to the dc component of the PD output [32].

The purpose of the low pass filter is to pass the DC component and low frequency at
the output of the PD and to attenuate high frequency ac components [36], [45] and [46]. In
practice, the high frequency components are not completely eliminated and can be observed
as high frequency ac ripple around the dc component [36]. The obtained signal at the output
of the low pass filter feeds the scalar control unit card to drive the IGBT’s transistor of the

voltage inverter supply (VSI).

Results and Discussion

The investigated DPLL IM speed regulation is built and tested using a 1kw squirrel
cage IM. Figure. 5 shows the experimental set up drive system of the hardware configuration.
A VSI utilizes a full bridge thyristor rectifier as a DC bus voltage link. The power circuit part
is composed of intelligent power modules (IPMS). IPMS are constructed with insolated gate
bipolar transistors (IGBTs). The pulse width modulation (PWM) signals to control the power
modules are generated by the scalar control card equipped with a digital processor. An
incremental encoder position sensor delivering 1024 pulses per revolution is mounted on the
rotor shaft to measure the rotor speed. The DPLL is built around the 4046 integrated circuit
system. A DC generator as a load is coupled with the IM.

We have tested the investigated system for various ranges of target rotor speeds. For
each test, we present the rotor speed, the output of the incremental encoder and the 4046 VCO
output.

Obtained experimental results are given in Figures 6 to 17. Excellent steady state
frequency has been obtained especially at high and average speeds proving the high
performances of the rotor speed regulation using the DPLL. It can be seen from Figures. 8 and
10 that the control voltage which is proportional to the synchronous frequency in factor of 10
converges at steady state to the rotor speed (50Hz) indicating that excellent slip frequency
compensation is established up on the novel scalar control. Besides, the trajectory of the stator
flux presented at Figure. 11 show that the decoupled flux is achieved.

Compared with the other control laws, the present scheme is somewhat simpler,

cheaper and provides speed control with high precision. The LPF used to extract the DC
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component has a cut off frequency which depends on the frequency of the reference train
pulse. However, the reference train pulse frequency is variable. Therefore, for each reference
train pulse frequency correspond a cut off frequency. In this work, the latter is fixed at a
constant value. The drawback of this is shown from the results obtained at very low speeds
(Figures 16 and 17).

Figure 5. An experimental set up view.

The overall system with a 1kw squirrel IM has been designed and tested in the
laboratory over the entire speed range. Obtained experimental results show that a precise
speed regulation is achieved at steady state. The investigated drive combines excellent speed
regulation and improved performance of constant Volt per Hertz law with novel frequency

slip compensation.
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All high performances scalar controlled IM drives require accurate rotational speed

information for feedback control. This information is mainly provided by incremental

encoder. The use of this sensor implies more electronics and high cost. To overcome these

problems, a speed observer can be included in the control loop. Thanks to high performance

of the PLL techniques, it can be used to reconstruct the IM speed. The PLL sensorless novel

scalar strategy IM speed controller with an adaptive LPF cut off frequency will be the subject

for further studies.
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