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Hybrid PID Control Based on Human Simulating I ntelligent for a
Brushless DC Motor of Electric Hydrostatic Transmission system
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Abstract: Analyzing the nonlinear factors, saturation and deadzone, of a Brushless DC Motor of Electric Hydrostatic
Transmission system. Based on human simulating intelligent, load compensating and deadzone compensating,
designed an innovation hybrid PID controller for the BLDCM. The simulations proved it can obtain the fast response,
high accuracy, small overshoot and robustness targets synchronously. The method has been applied to control the
BLDCM of an airborne electric hydrostatic actuator prototype successfully.
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Comparison of Current Controllersfor High Performance

I nduction Machine Drives*

Jin-Lu Cheng, Cheng-Jin Zhang
(School of Control Science and Engineering, Shandong University, Jinan, 250061)
E-mail: chengjinlu@hotmail.com

Abstract: This paper is aim to present a brief review of current controllers applied in high performance vector
controlled induction machine drives. Various conventiona strategies together with intelligent methods such as
neural network controller and fuzzy logic based regulator are investigated. Basic principles of each method are
simply described, accompanied by selected block diagrams; their advantages and limitations are explored and their
performances are compared. In the end, some future research interests are also observed.

Key words: induction machine; vector control; current control; voltage source inverter

1 Introduction

Of all the drive types, induction machine (IM)
motor is the most widely used and is often viewed
as the workhorse of modern industry, undertaking
an estimated 70-80% of electro-mechanical energy
conversion. It is characterized mainly by simple
mechanical construction, low maintenance costs
and high reliability. However, the induction
machine is employed mostly in constant speed low
performance applications, for it is hard to acquire
satisfactory torque performance due to the coupled
flux and torque. With the development of
semiconductor technology and microprocessor
control technique, the introduction of vector
control (VC) has brought induction machine drives
to a new development stage in which it is possible
to achieve high control performance, giving fast,
near step changes in machine torque.

Speed Current [_y/Induction
- | Controller - | Controller Machine

Current Control Loop

Speed Control Loop

Fig. 1 Basic structure of vector control

In vector control [Fig. 1], the structure
consists of a current control loop and a velocity
control loop. The current control is fulfilled by an
internal current feedback loop. The decoupled
direct and quadrature axis currents are controlled
via the direct and quadrature axis voltages,

" Thiswork is partly supported by the Department of
Science & Technology of Shandong Province (Grant
N0.03BS089).

associated with a pulse width modulated (PWM)
voltage source inverter (VSI). As aresult, the drive
performance largely depends on the current control
techniques. Therefore, current regulation is one of
the most important subjects in high performance
induction machine control.

With the development of current control
techniques, a great deal of work has been
undertaken to develop the current controllers [1]. It
iSs a necessity to summarize and compare the
characteristics of the available solutions. In this
paper, brief control strategies of each method are
described. Their advantages and limitations are
evaluated as well.

2 Vector Control

In vector control, the three phase induction
machine model is transformed to a two phase
model in the synchronous rotating coordinates with
the voltage equations

Vase = Rslase + PWase — Well/gse (1a
Vgse = Rslgse + P gse + Welf ase (1b)
0=Rrige + PYdre (10)
0=Rrige + WsWare (1d)

and the flux equations

Yase =ldsels +idrelm (29)
Wese =igeels +igreLm (2b)
Ware =ldrelr +igselm (20)
Wae =igelr +igelm (2d)

where g is the stator d axis flux current
and iqe is the stator g axis torque current;
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iare @nd iqe are the rotor d and q axis currents
respectively; Vvgeandvgsare the stator d and g axis

voltages respectively; ¢us,Wase ,Wdare ANy are
the stator and rotor flux; Rsand R, are the stator
and rotor resistances respectively; Lg, Ly and L, are
the stator, rotor and magnetizing
inductances; w. , awy and wy are the synchronous,
rotor and dlip frequency; p is the differentia

operator. Thus, it is possible for the
stator d and q axis currents to control the flux and

torque independently, which is similar to that of a
separately excited D.C. machine.

3 Current Control

Among the various current controllers,
hysteresis controller, proportional plusintegral (Pl)
regulator and deadbeat controller are all effective
solutions. In recent years, neural network (NN)
and fuzzy logic (FL) based controllers are applied
as well, which offer a new interesting perspective
for this vast subject.

3.1 Hysteresis Controller

Hysteresis current controller is the simplest
one of al the approaches, since it controls the
switching of power devices directly. It shares many
advantages such as fast transient response and
outstanding robustness. The VS| output voltage
can be represented as space vectors [Fig.2], where
U~-is a zero vector. In the control structure, the
current error is compared with the hysteresis band;
the switching signal is produced once the current
error crosses the boundary, so that the suitable
voltage vector is selected and hence the error is
confined between the negative and positive band
limits. However, the switching frequency largely
depends on the load conditions due to the
interaction among the three independent
controllers; furthermore, the instantaneous error
can reach double the value of the hysteresis band
for systems without neutral leaders.

U3 U2

Uy

U5 6

Fig. 2 Diagram of voltage vector

In recent years, many schemes have been

proposed to acquire constant switching frequency.
One of the approaches isto constrain the switching
frequency to a constant value by modifying the
error with a phase locked loop (PLL) [2, 3]. The
aternative strategy is to program the hysteresis
band as a function of load parameters to develop
an adaptive hysteresis band controller [4]. It is a
novel scheme to use fuzzy logic rules adapting
hysteresis bandwidth and other controller
parameters to obtain  reduced frequency
fluctuations and optimum switching patterns [5].

The space vector based controllers treat three
current errors as space vectors, thus, the interaction
can be compensated [6]. While this strategy
requires the back EMF vector, it is able to force the
output current vector to track the command vector
with almost negligible response time. If the zero
vectors are aso considered, the decreased
switching frequency will be obtained. The digital
implementation of the hysteresis regulator is
strongly recommendable [7], since the digital
methods share a variety of advantages over the
analog ones and obviousy they are today’s
technique trends.

3.2 Pl Regulator

PI regulator is one of the commonly applied
approaches to high performance current control. This
scheme gives zero steady state current error and a
well defined current spectrum due to the use of PWM
modulators. The controllers can be divided into two
groups: when the current command is transformed to
a stationary frame, the d and q axis currents are

sinusoidal components; when the current command is
transformed to a synchronous rotating frame,
the d and g axis currents are D.C. components and

regulation is then performed in synchronous rotating
coordinates [8].

In the rotor flux oriented synchronous rotating
frame, it follows

Ware = 0 (3)
In the steady state
Ware = Linigse “4)

Hence, the induction machine voltage equations
can be expressed as

Vdse = Rsldse + OLs Pides = WeOLsigse (5a)

where

(6)
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It can be seen thatd andqaxis voltage equations
are coupled by terms-weOLsige aNd WeOLsigse. If

the decoupling is implemented, the voltage
eguations become

Vase = Rslgse + OLs Piges (79
Vgse = Rsligse + 0L Pigse (7b)

The dynamics of the decoupledd andqaxis currents

are expressed by two simple linear first order
differential equations [9], thus two Pl regulators can
be employed. However, the transient response of the
PI controller is somewhat slow, since only the current
error is used for generating the voltages.

If two Pl controllers are replaced by a state
feedback controller, multivariable state feedback
control theory can then be applied. The regulator
works in a synchronous frame. The pole placement
technique is utilized to derive the feedback gain

matrix K =[Ky,K,] . The steady state error is
reduced to zero by the integra partK, fdt . Fast

transient response is acquired by introducing the
feedforward control for input reference and
disturbance where the back EMF is modeled as a
disturbance as well. The performance of the state
feedback controller is superior to conventiona Pl
controllers due to the introduction of the
compensation for the back EMF voltage [10].

3.3 Deadbeat Controller

Deadbeat Ly
Controller

Frame || PWM [finduction
Conversion VSl Machine

T

Frane | labc
Conversion

f o

Fig. 3 Deadbeat controller in the stationary frame

[ dgs

Deadbeat controllers [Fig. 3] exhibit, in
general, both satisfactory dynamic response and
steady state performance with low current and
torque ripple. In this strategy, the voltage equation
is often described as

I das (k + 1) =Al dqs(k) + Bqus(k) - BEdqo (k) (8)

where I gqs(K) , Vugs(K) and  Eqqo (K) are current
vector, voltage vector and back EMF vector
respectively. Thus, the agorithm applies the
command current vector from the velocity
controller, substituting | s (k + 1) into | ges (k +1)in

equation (8) and calculates the control

voltageVgs (k) according to
1
Vigs (K) = E[I dos (K +1) = Al ggs (K) + BEqgo (K)] (9)

where the current vector |44s(K) is available at

the k th sampling instant. It is worth noting
that Eqqo (K) is unknown.

A number of proposals have been put forward
to obtain the back EMF vector Egp (k) . By

rotating the back EMF vector, a recursive
agorithm of Egq(K) can be obtained, hence, it

follows the control voltage [11]. According to
equation (8), the voltage eguation at thek —1th
sampleinstant is

| dos (K) = Al gos (K =1
N k) BEwc-y (O

It is reasonable to assume that the rotor flux and
motor speed are constant within one control period
because current control is performed a few
thousand times per second, its execution rate is
much faster than the mechanical and rotor flux
dynamic responses, thus, combining equations (8)
and (10) vyields the control voltage which
eliminates the back EMF [12]. A novel deadbeat
fuzzy current regulator which consists of a
deadbeat loop and a fuzzy logic based
compensation loop is proposed [13]. The fuzzy
control loop is utilized to generate additional part
of the command voltage to compensate the back
EMF. This strategy is very robust and needs little
information about the load and system parameters.

Because parameters are needed when control
voltage is calculated, deadbeat control calls for the
precise knowledge of plant information [14];
therefore it is difficult for the controller without
sdf-tuning  structure  to  maintain  desired
performance in the challenging operating
conditions.

3.4 Neural Network Controller

Neural network has such advantages as
paralel processing, self learning ability, and
generalization. Recently, neural network is applied
in current regulation for induction machine drives
which shows promising to certain extent, sinceit is
difficult for conventional strategies to deal with
such a problem due to nonlinearities and
uncertainties existing [8]. The performance of the
off-line trained system depends on the amount and
quality of training data used, which in turn
depends on system complexity and the range of
operating conditions involved and is aso sensitive
to parameter variations, since no further training is
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possible after the drive is commissioned.
Controllers with on-line training guarantee more
advantages. One of the most attractive features of
the on-line trained system is that it remains
adaptive throughout operation [15], which gives it
the ability to deal with parameter variations under
al conditions. This technique suffers from a large
computational overhead.

3.5 Fuzzy Logic Based Controller

Fuzzy logic based controller is an attractive
solution to improve the current loop performance
[16]. When this method is applied, it is not
necessary an exact modeling and analyzing the
system mathematically. Furthermore, optimal
control within the expert’s knowledge can be
implemented, since this method makes effective
use of heuristic information. The fuzzy logic
controller without explicit modulation part works
also as a modulator which defines the sequence
and duration of inverter output voltage vectors. In
basic applications, the fuzzy logic controller is
utilized as a substitute for the conventional
regulator. A fuzzy logic based control loop can be
used to compensate a deadbeat controller [13].
Unfortunately, these schemes suffer from the
sensitivity to the change of fuzzy sets shapes and
overlapping. Moreover, the expertise and
experience of the designer have direct influence on
the resulting performance.

4 Evaluation of Current Controllers

Table 1 Comparison of current controllers

Advantages Limitations
* Simplicity * Varying switching
Hysteresis | * Fast dynamic frequency
Controller response * Poor steady state
* Robustness performance
* Zero steady state
Pl current error * Transient
Controller Well defined responseis slow
current spectrum
Fast transient * Sengitivity to
Deadbeat response parameter
Controller Good steady state variations
current error * | ower robustness
Neural Adaptiveto * Alarge
Network operating computational
Controller conditions overhead
Insensitivity to
Fuzzy \F/)g?;:itr?; * Depen_dent onthe
Logic The use of expertise of
Controller o designers
heuristic
information

Characteristics of each method are
summarized in Table 1. The hysteresis current
control technique gives fast response and can be

implemented with a minimum of hardware.
However, depending on load conditions, switching
frequency may vary widely. Thus, the actual
current waveform is not only determined by the
hysteresis control; current peaks may appreciably
exceed the limits of the hysteresis band. Improved
hysteresis controllers with constant switching
frequency can acquire limited tracking error
together with fast transient response. They are
suitable for high performance induction machine
control, although the simplicity is somehow lost.
According to the technique trend, more and more
digital algorithms have been proposed, which are
highly flexible and easier to be implemented with
the microprocessor.

Utilizing a two phase reference frame rotating
at the synchronous speed allows the use of PI
regulators without the phase lag associated with
stationary frame PI regulators which have to
control sinusoidal values. PI controllers can
achieve zero steady state error, but the transient
response is somewhat slow. Therefore, many
schemes with the consideration of back EMF are
proposed to improve the dynamic performance.
However, the induction machine parameters are
time varying with temperature, magnetic saturation
and frequency. It is desirable that parameter
estimation technique is employed in the controller
to ensure on-line tuning at all times.

Deadbeat current controller has proven to be
able to achieve very good steady state performance
and fast transient response, but the satisfactory
results heavily depend on the accuracy of the
model and parameters used, which decrease the
overall system performance extremely. The
introduction of adaptation in the control algorithm
guarantees that accurate current regulation is
maintained when machine parameters vary.
Interests toward robust deadbeat controllers are
still increasing.

Intelligent control methods such as neural
network controllers and fuzzy logic regulators
provide a new perspective for future research.
They are considered mostly as an alternative
strategy to existing current regulation methods.
The off-line trained neural network controllers are
still sensitive to parameters variations, since no
further training is possible. While intelligent
methods do not have any better performance than
conventional current regulators [17], it is noted
that good results can be acquired by combining the
intelligent schemes and conventional strategies.

5 Conclusions

Current control is one of the most important
parts of vector control for high performance
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induction machine drives. A good many of works
have been proposed in this field. Various control
strategies have been evaluated in this paper.
Associated with the block diagrams, the basic
principles of each method have been described. In
the end, advantages and drawbacks of different
types of current regulators were listed and their
overall performances were compared.
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Sudy on Fuzzy PI Time-delay Compensation Arithmetic of

Remote Networ ked Motion Control System
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Abstract When using a remote networked control system, a network-induced time-delay is generated, which causes
advert effects on the closed-loop networked control system such as performance degradation and system
destabilization. In this paper, contraposing the time-delay commonly existing in the remote control system, an
intelligent fuzzy logic compensator is introduced to design the traditional networked Pl control system. One of the
advantages of this fuzzy Pl time-delay compensation arithmetic is that it is not needed to completely redesign the
existing Pl controller, but simply modulates the Pl controller action with the output of the intelligent fuzzy
compensation. In the full adaptive fuzzy parameter adjustment, off-line optimization and on-line adaptation are
applied to the design of the controller, and not only the consequent parameters can be tuned adaptively, but also the
membership functions in the antecedent part are tuned adaptively. Simulation results of a networked controlled
Brushless DC motor is used to illustrate the effectiveness and feasibility of the proposed fuzzy Pl control scheme, and
the use of the method makes the closed-loop system posses favorable dynamic and static performance and free from
load disturbance.
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Adaptive Fuzzy Friction Compensation for X-Y Table

Wang Hongrui, Wang Xia, Jiang Chundi
(Hebei University, Baoding, Hebel 071002)

Abstract: An adaptive fuzzy system is used to approach the relationship between friction and velocity. Non-model
based compensation method avoids the complicated identification of parameters. The adaptive mechanism enables the
fuzzy system to adjust fuzzy logic automatically and to adapt to the changes of environment. Thus, the compensation is
robust itself. The stability of the control law with fuzzy friction compensation is proved and simulation results verified
the efficiency of the method.
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