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Sliding-mode control of brushless dc motor”
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Abstract

Brushless dc motor (BLIDYC motor) is an attractive option for variable speed applications. It is more robust
than the de motor and the performance is comparable to the de motor. Sliding mode control may be applied to
the control of BLDC motor as presented in this paper.
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1. Introduction

Direct current motors had occupied a wide spectrum of applications for variable speed
drives, because of their simplicity and versatility of control. The simplicity is obtained
owing to the typical mechanical construction of the de machine, and the brush orientation
leading current into the armature enables orthogonality between the magnetomotive
force (MMF) produced by the current and the main excitation MMF. As a result, for any
given excitation to the de machine, the armature voltage determines operating speed and
the armature MMF determines the developed torque. Under constant excitation, the dc
motor is essentiafly a linear system resulting in the simplicity of control.

On the other hand, the presence of commutator and brushes contribute to the wear
and tear and the consequent maintenance overheads of the drive. These disadvantages
have led to the application of ac machines, which are robust in construction, for variable
speed applications!.

Polyphase synchronous and asynchronous motors operate at fixed speed (synchronous
motors) or nearly fixed speed (asynchronous motors), when supplied from a constant
frequency polyphase bus. They may be operated at variable $peed when supplied from a
variable frequency source. Conversion of power to polyphase variable frequency system
became viable with high-speed solid-state switches, thus opening up the application of ac
motors for variable speed applications. Different converter topologies such as voltage-
and current-fed inverters, etc., are being used for the purpose. Different modulation
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techniques such as pulse width modulation (PWM), pulse amplitude modulation (PAM),
etc., are used to control the amplitude of the output voltage and to minimise the harmo.
nic content of the output polyphase power.

From the point of view of the motor being controlled, different mathematical descrip-
tions (voltage-fed machine, stationary- and rotating-reference frames, etc.) exist giving
rise to different control options such as current-fed and constant volts/hertz operations,
etc. More recently the rotating-reference frame description of the machine and the vector
control or the field-oriented control is being very successfully applied for superior dyna-
mic performance of the ac drive.

One common feature among all the above control methods is that there is a converter
(switching power processor) with its characteristic control loop (phase control,
quasi-square wave control, PWM, etc.) and dynamics; and there is a motor (synchronous
or asynchronous) with its static and dynamic characteristics. The two are then combined
together to develop an overall model. Suitable feedback techniques are then employedto
achieve the control objectives such as speed and position controls.

In contrast to the above, the theory of variable structure systems and the concept of
sliding mode control may be used on the power processor and the motor together to
develop a control strategy that is integrated to the final control objective namely, speed
and position controls, etc.

In this paper, application of sliding mode control to permanent magnet synchronous
motor is presented. The overall drive is referred to as brushless de motor (BLDC motor).
Decoupled characteristics are obtained through field orientation. Linear control theory
and sliding mode control are combined to develop a simple control strategy and feedback
compensator. Bidirectional speed control and overload protection are featured.

Section 2.1 introduces the theory of variable structure systems and the concept of
sliding mode control through the example of chopper-driven dc motor in a graphical
manner through the phase plane. Such a presentation helps one appreciate the simplicity
and strengths of sliding mode control. Besides, it also helps lay the ground work for
understanding the control of BLDC motor, developed subsequently.

Section 2.2 brings out the unity behind the separately excited dc motor and the
permanent magnet synchronous motor.

In the transformed rotating reference frame (d, g axes), the defining equations of the
permanent magnet synchronous motor are essentially the same as the defining equations
of the separately excited dc motor. The transformations between the three-phase
stationary reference frame (A, B, C) to two-phase stationary reference frame (a. £} and
the two-phase stationary reference frame («, f) to the two-phase synchronously rotating
reterence frame (d, g) are given in Section 2.3.

Section 2.4 applies the same control strategy as developed for the dc motor 10 the

BLDC motor. The control method is interpreted in a graphical manner to develop the
polyphase switching decisions.
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The simplest of the control methods, namely, current-controlled BLDC motor is given
in Section 2.5. Simple extension to speed control is also indicated. Section 2.6 describes
the strategy of sliding-mode speed controller.

Section 3 deals.with the practical considerations and the hardware realization of the
various control schemes. The hardware realization of the current-controlled BLDC
motor is given in Section 3.1 along with experimental results.

In practice, direct sliding-mode control as developed in Section 2.6 requires access to
the speed derivative. Estimation of speed derivative calls for high quality tachogenera-
tors or high resolution position sensors and is not always economical. An indirect or
modified sliding-mode control strategy is developed in Section 3.2 using the motor speed
and current as the feedback variables. A design criterion is evolved and the hardware
realization is presented. Experimental results verifying the design procedure are
presented.

Practical realization of the control scheme requires the generation of the currents in
the transformed coordinates. With digital circuit blocks it is done quite inexpensively.
However, for certain applications these transformations may be done approximately,
leading to further savings in hardware, without perceptible difference in performance.
Section 3.3 deals with these practical aspects.

2. Theory

2.1 Variable structure systems and sliding-mode control

Variable structure systems are characterized by a time variant topology. As a result the
control action is discontinuous and the plant nonlinear. The theory of variable structure
systems and sliding-mode control form a pair of mutually complementary analysis and
design tools®. What follows is an introduction of these concepts through the example of a

chopper-driven dc motor.
Figure 1 shows the chopper-driven dc motor. The defining equations of the system for
constant excitation are given by

L(di/dt) + Ri + Kgw = Vu (2.1.01)
J(dw/dt) + Bw + T, = Kri (2.1.02)
where
L = armature inductance; R = armature resistance;
Ke =back emf constant; @ = speed of rotor
T, =load torque; K7 = torque constant;
i = armature current; Vg = source voltage;
I = moment of inertia; B = friction coefficient;
= discontinuous control, +1; ¢ = air gap flux.
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L dildt+Ri+Kew= Vyu; J do/dt+Be+T, =K.

Fic. 1. Chopper-driven dc motor — definition of
terms and the defining equations under constant
excitation.

The above description is valid at all times. The control input u is the only
discontinuous variable and takes on the value of either +1 or ~1, depending on the
switch position as shown in fig. 1. After some manipulation the system eqns (2.1.01) and
(2.1.02) may be put in the following form:

X=A*X+ B*u+T* (2.1.03)

where

e 0 1 o 0
—(KrKglIL) {1+ (BR/KrKg)} ~{(R/L)+(BI)) ~ (KrV,hiL)
[ o = [kovm)

w—o* 0
X= d(w-o*)| —_— ~R(T,+Bo*)~KrKgo*
dr ’ JL

and w* is the desired speed. The system states have been assigned as the output speed
error and its derivative, so that the desired operating point is given by the state vector
X = 0. The control problem now reduces to establishing a switching strategy to select an
appropriate u at any instant of time to meet the dynamic requirements of the system.

Suppose that it is desired to achieve a response of zero steady-state error and a stable
first order transient response with a time constant of . These requirements may be
expressed as the following differential equation:
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d(w—o*)

= 0.
& (2.1.04)

(w—w*)+7‘

Equation (2.1.04) may be represented in matrix form as
c=GX=04(G=][11] (2.1.05)

in which o is a weighted sum of the states of the system and o = 0 may be visualized to
represent a line in the two-dimensional space, whose axes are the states of the system.

The principle of sliding-mode control is to constrain the system, by suitable control
strategy, to operate such that egn (2.1.05) is satisfied. These ideas may be best
understood by considering the phase plane of the system to obtain a graphical
interpretation of the sliding-mode control®.

Figure 2 shows the phase plane of the chopper-driven dc motor. The system states are
the output speed error {w~ »*) and the angular acceleration (dw/dt). The instantanecus
state of the system is represented on the phase plane by a point, whose coordinates are
the output speed error and the angular acceleration at that instant. If the instantaneous

dw. ?
dt
o >0
—wr-w
o .
Wr-w* w-w*
u=+]
L o =0
Vg o< 0‘
R

Fic. 2. Chopper-driven dc motor in the phase plane. The sliding line o = 0 partitions the phase plane into two
fegions (o< 6-and o> 0). The control and motor equivalent circuit in each region is shown. The steady-state
Operating points for each control inputs (w, — ©* for u = + 1and — o, - ™ foru = — 1) are also shown. The
contro} strategy is u = +1 for o<0 and ¥ = — 1 for ¢>0.
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state of the system is known, the switch position at that instant (u) and the input Voltage
(V,) uniquely determine the future evolution of the system states for the duration of thy;
switch position. Under steady state, the output speed error is zero and so is the angular
acceleration. The desired steady-state operating point is therefore the origin in the phase
plane. The line shown as o = 0 (sliding line) partitions the phase plane through the origin
into two regions (¢ > 0 and ¢ < 0). The special shape of the sliding line away from the
origin is explained later.

The control inputs, namely, the switch position and the applicable equivalent circuits,
are also shown in fig. 2, corresponding to the two regions of the phase plane.

If the armature is excited by +V, (u=1), then the steady-state speed of the motor
would be w,. This steady-state operating point for & = +1, is shown on the positive X
axis as {w, — »*). Similarly if the armature is excited by —Vg (¢ = —1), then the
steady-state speed of the motor would be —w,. This steady-state operating point for
u = —1, is shown on the negative X axis as (—w, —~ »*). When no control is exercised,
the steady-state operating points for the two different switch positions (1 = +1, and
u = —1) are located in the opposite regions (¢ < 0 and ¢ > 0) of the phase plane. Asa
result any switching action causes the system state to move towards the sliding line and
cross into the other region. When the switching strategy shown in fig. 2 (u = +1 for
o < 0and u = —1for o > 0) is implemented, the system state moves toward the sliding
line and, having hit the sliding line is constrained to remain in the neighbourhood of the
sliding line owing to the switching action. On the sliding line the only steady-state
operating point is the origin. At all other points on the sliding line, a gradient exists which
forces the operating point to move towards the origin. Therefore once the system state
reaches the sliding line, the switching action (u = = 1) forces the system-state to slide
along the sliding line and reach the desired steady state operating point, namely the
origin (w = ©*). Despite the terminology ‘sliding line’, it is the system state that does the
sliding along the line. Since the system is constrained to be on the sliding line at all times,
the response is decided by the chosen sliding line and not by the motor parameters.
Notice that the switching frequency is not constant as in the case of a conventional
chopper. The switching is free running with the only objective of maintaining the system
state to remain in the neighbourhood of the sliding line. The static and dynamic response
of the system is therefore dependent only on the sliding line chosen and not on the motor
parameters. For example, for the chosen sliding line given by eqn (2.1.04), the
steady-state response is

w = @*, (2.1.06)

and the dynamic response is
= @* (1 _ e—zl-r). (2107)

The dynamic response of the overall system (chopper and motor together) is a function of
the chosen sliding line only. In contrast, in the case of a conventional chopper, dynamic
models of the chopper and the motor have to be considered to develop a suitable control
strategy. Even then, any feedback compensator designed will not be totally insensitive 0
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the motor parameters. This property of insensitivity to plant parameters is the main
characteristics of sliding-mode control in contrast to conventional linear control.

It may be seen that the sliding line is shaped such that the system states are limited
.glong the vertical axis. These limits on the acceleration (vertical axis) serve the useful
“purpose of protecting the motor against overcurrent, since the acceleration at any instant
is directly related to the current drawn by the motor. The horizontal sections of the
sliding line signify the current limited region of operation and the central portion of the
sliding line passing through the origin significs the speed-controlled region of operation.

In order to be able to directly extend this concept of controf later on to BLDC motor, it
is worthwhile to understand the switching decision (4 = +1 or u = —1) qualitatively.
This is necessary because the switching converter for driving the polyphase motor has
three pairs of switches corresponding to the three phases of the motor. Accordingly, at
any instant, three switch positions are to be determined. To enable this the switch inputs
may be qualitatively stated as “accelerate” (1 = + 1) and ‘decelerate’ (v = —1). Later on
these qualitative switch input commands “accelerate’ and ‘decelerate’ will be related
through a look-up tabie to the three-phase switch inputs, when applied to the BLDC

motor control.

2.2 Separately excited dc motor and synchronous motor

Figure 3a shows the construction of the separately excited dc motor in its simplest form.
The field winding on the stator produces a fixed magnetic field in the air gap. The dc
current fed through the commutator into the armature produces an armature MMF fixed
in space independent of the position of the rotor, though the current in any conductor in
the armature is alternating. The field MMF and the armature MMF are stationary in

space and orthogonal to each other.

Figure 3b shows the construction of a three-phase synchronous motor in its simplest
form. Direct current fed into the field winding on the rotor produces a field MMF which
is rotating in the airspace of the motor owing to the rotation of the rotor. Three-phase
balanced currents into the three-phase armature winding produces an armature MMF
rotating at synchronous speed. The field MMF and the armature MMF are both rotating
at synchronous speed and so stationary relative to each other. Useful torque is produced
when the rotor is rotating at synchronous speed and the field MMF and armature MMF
are not coincident. This explains the lack of average torque in a synchronous motor at
any speed other than synchronous speed. Further, for maximum torque, the field MMF
and the armature MMF must be orthogonal to each other.

The dc motor may be considered as an inverter-fed, inside-out synchronous motor.
Direct current in the field winding produces a stationary field MMF. The commutator
may be thought of as a shaft position dependent inverter which converts the dc input
current to an ac current of the right frequency so that the rotating MMF produged by the
fccurrent in the rotating armature conductors is stationary with respect to the field MMF
& all speeds. The commutator ensures that the armature current is at synchyonogs
freq‘-‘c“‘:)’ at all speeds. The brush orientation ensures the orthogonal phase relationship
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a

fa) (b}

FiG. 3. The construction of dc motor and synchronous motor. (&) Direct current motor: The field winding on
stator produces a stationary field. The armature winding on the rotor is fed through the commutator. The
armature MMF is stationary in space and orthogonal to the field MMF. (b) Synchronous motor: For simplicity
the field winding carrying a dc current is shown as a pole pair on the rotor. The rotor MMF is rotating in space
at the rotational speed of the shaft. Armature winding on stator fed by three-phase power produces an MMFin
space rotating at synchronous frequency. When shaft speed equals the synchronous speed the stator MMF and
the rotor MMF are stationary relative to each other.

betweeen the armature MMF and the field MMF. As a result useful maximum torque is
produced at all operating speeds.

In order to obtain an equivalent dc motor operation from a synchronous motor, it is
necessary to feed dc power to the three-phase windings of the synchronous motor stator
through an electronic commutator (power converter). The frequency and phase
relationship of the stator currents must be synchronized to the rotor position so that
orthogonality between armature MMF and rotor MMF is obtained at all speeds. For this
reason BLDC motor is also referred to as electronically commutated motor (ECM).

As mentioned above, the field MMF and the armature MMF are both rotating in the
airspace of the motor and are stationary with respect to each other. By prdper phase
relationship, the armature MMF and the field MMF are also made orthogonal to each
other. This leads to the selection of a synchronously rotating reference frame in which
the synchronous motor may be transformed to an equivalent dc motor. These transfor-
mations leading 1o the equivalent dc motor are introduced in Section 2.3.

2.3 ABC-ap~dg transformations

In this section the transformations on the permanent magnet-synchronous motor leading
to the rotating reference frame equivalent dc motor description are laid out step by step-
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One of the popular methods is to detine the transformations mathematically, substitute
them in the original equations to arrive at the desired results. But we follow the method
of physically interpreting the ‘transforl"nations at every step, writing down the circuit
equations directly in each rckeren;e frame, and relating the description in different
rcference frames with each other using some physical criterion. The reasen to follow this
method is that the mathematical transformations are firmly anchored to physical
interpretations and the inter-relationship between the physical constants of the machine
in different frames of reference is more readily apparent.

Figure 4 shows the essential construction of the permanent magnet-synchronous
motor. The physical structure of the rotor is represented by the innermost circle. The
rotor carries the permanent magnets providing constant field excitation. The rotor MMF
in the absence of stator eurrents sets up an airgap flux of ¢4. The outermost annular ring
in fig. 4 represents the physical structure of the stator. The stator phase windings A, B
and C are shown schematically to coincide with the direction in which the respective
MMFs are oriented. The intermediate annualar rings in fig. 4 represent fictitious structures
which are helpful in stepping through the various transformations and are explained as

we go along.

The defining equations of the machine are in three parts. First is the electrical
subsystem definition relating the electrical quantities of the machine. The definition of
the electrical subsystem depends on the chosen frame of reference. The second part is the

R i LseLlm b ‘[

KE Wi

-3

Fe. 4. AB.C to a,8 to d,g transformations. The
outermost annular ring and the innermost circle
tepresent the physical stator and the rotor respec-
tively. The second annular ring from outside repre-~
sents a fictitious equivalent two-phase stator which
when excited by appropriate two-phase currents
wquld result in the same machine performance. The
lhud annular ring from outside represents a ficti-
tious two-phase equivalent rotor® which carrying dc
cureents (i, and i,) results in the same performance
45 the original machine.

FiG. 5. The electrical equivalent circuit of the
permanent magnet synchronous machine in the
synchronously rotating (d, ¢) reference frame. The
voltages (va,vg) and the currents (iay ) are dc
quantities.
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electromagnetic subsystem of the machine indicating the mechanism of torque
generation. The electrical quantities in the torque relationship again depend on e
chosen frame of reference. The last part is the mechanical subsystem relating the breay
up of the generated torque into load, friction and inertia. The selection of a frame of
reference is to simplify the definition of the electrical subsystem and does not change the
definition of the mechanical subsystem.

The definition of the mechanical subsystem is independent of the frame of reference
and is given by

J([dod)+ Bo+ T =T, 3.0

where the quantities J, B, T, and o are as defined earlier in Section 2.1 and T, is the
generated torque.

The electrical subsystem equations are dependent on the frame of reference. In the
physical stationary reference frame (stator represented by the outer-most circle and the
rotor represented by the inner-most circle in fig. 4), the stator electrical circuit equations
may be written from first principles as follows:

Ruais + Laa(dig/dt) + Lap(dig/ds) + Lac(dic/de) + (dag/d) =v, (2.3.003)
Lia(dia/df) + Rgig + Lps(dig/di) + Lpc(di/dt) + (dbpald) = vge (2.3.000)
Lea(Qiafdt) + Lep(dia/dt) + Reic+ Leo(dicdds) + (dieg/dy =ve  (23.0%)

where

Lyx = self inductance of phase windings;

Ry = resistance of phase windings;

Ly = mutual inductance between windings X and Y;
yxy = flux linkage to winding X due to rotor flux ¢g;
vy = phase voltage; iy = phase current.

Under the assumptions of symmetrical balanced three-phase windings, without neutral
conductor and sinusoidal flux distribution,

Ry=Rp=Rc=R; Lya=Lpp=Lcc=Ls;
Lap=Lpa=Lsc=Lep=Lca=Lac=—Ls;
iy +ig+ic=0.
Notice that Lxy is defined with a negative coefficient owing to the selection of positive
current directions in fig. 4. Equations (2.3.02) may then be simplified as
Riy+ (Ls+ L) (diafde) + (A /de) = v, (2.3.03)
Rip+ (Ls+ La) (dig/de) + (dippy/di) = v, (2.3.03b)
Ric+ (Ls+ L) (dic/de) + (dpeg/dt) = v (2.3.0%)
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The generated torque is the sum of the torques owing to the interaction between the
rotor MMF and each of the stator-phase current MMFs. The generated torque due to
cach of the stator-phase currents depends on the rotor position. The total torque is given

by

Ty = K by lia sin (330° + wt) + igsin (210° + wt) + icsin (90° + wt)]  (2.3.04)
where K is a proportionality constant with proper dimensions and wt is the instantaneous
angular position of the rotor. Equation (2.3.04) may be further simplified as

T.= K ¢y [(—ia/2 —ig/2 + i) cos wt +(V3iy/2—V3ig/2) sin wi]. (2.3.05)
In eqn (2.3.03) the rotor position is implicit through the terms Yy, In eqn (2.3.05) the
rotor position is explicit. Equations (2.3.03) and (2.3.05), define the electrical and the
electromagnetic subsystems in the physical stator reference frame. The electrical
quantities appearing in these equations are the same as what can be measured in the
stator circuit.

The currents in the stator-phase windings of the motor produce an MMF in the active
plane of the motor, which interacting with the rotor MMF in the same plane produces the
required torque. This stator MMF may very well be produced by an equivalent stator
with two-phase orthogonal windings carrying two-phase ac currents. The first step in
simplifying the system equations is to transform the stationary reference frame
three-phase stator equations (eqns (2.3.03) and (2.3.05)) to an equivalent stationary
reference frame two-phase stator equations.

The second annular ring from outside in fig. 4 represents this fictitious stator with
two-phase windings on it (a and B8) as shown. Again from first principles the circuit
equations and torque equation may be written down as below:

R* iy + L* (dip/dt) + (d e/ dE) = vy (2.3.06a)

R*ig+ L* (dig/dt) + (d yipa/dt} = vg; : (2.3.06b)
" Te= K ¢y (ig cos wt ~ i, sin wt). (2.3.07)
The subscripted quantities represent the fictitious two-phase stator electrical quanti-
ties. The machine constants in the equivalent fictitious two-phase system are shown with
asterisks. Their relationship to the original machine constants are yet to be established.

The next step is to find the relationship between the A, B, C system and the a, 8
system. To do this we invoke the condition that the torques developed in the two systems
are equal. Comparing eqn (2.3.05) and (2.3.07), we get

fo=~V3i,42+V3igl2; (2.3.083)
Ig= —i4f2 —ig/2 +ic. (2.3.08b)

From eqns (2.3.08) and (2.3.03), we get
(2.3.09,b)

R*=R;L* = Lg + Ly
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Vo = = V3vaf2+ V3rp/2; (2310
vg= —val2—vpl2+ Ve 23105
Yod = — V3 Uaal2+ V3 ipd2; (23.11)
Yag = — Wadl2 — Ypal2 + Ycu. (2.3.119)

The system of equations in the two-phase stationary reference frame (e, 8 axes) may be
written as

Riy+ (Ls+ L) (dig/dty + (Aol d) = v (2.3.129)
Rig+ (Ls+ L) (dig/dt) + (ddiga/dt) = vg; (2.3.12b)
Ty = Kby (ig cos wi ~ i, sin wi). (23.13)

The system equations are still functions of rotor position. Just as before, the rotor
position is implicit in eqns (2.3.12) and explicit in eqn (2.3.13). The electrical quantities
appearing in eqns (2.3.12) and (2.3.13) are fictitious in the sense that they are not
accessible at any point in the actual machine.

Polyphase currents in the stator at synchronous frequency produce an MMF rotatingin
the machine airspace in synchronism with the rotor MMF. The interaction between these
stator and.rotor MMFs produce the required torque. The rotating stator MMF may very
well be produced by an equivalent set of windings rotating in space at synchronous speed
but carrying dc currents. The next step in simplifying the system equations is to transform
the system eqns (2.3.12) and (2.3.13) in the two-phase stationary reference frame into a
two-phase frame of reference rotating in space at synchronous frequency.

The third annular ring from outside in fig. 4 represents this fictitious rotating structure
carrying dc currents (iy and i,) in the two-phase windings (d and ¢ windings). The
electrical circuit equations and the torque equation may be directly written as

R iy + L* (dig/dn) + Ky o = vy (2.3.14a)
R* i+ L* (diJdt) + K, = v,; (2.3.14b)
Ty=—~K ¢qi, (2.3.15)

Apart from resistive and inductive drops, the phase windings also have speed voltage
term because the d, g windings are rotating in space. The machine parameters are shown
with asterisks because their relationship to the original machine parameters . is yet tobe
established. We now invoke the condition that the MMF produced by the d, g windings s
the same as that produced by the windings and the generated torque in both the systems
is equal. Comparing eqns (2.3.15) and (2.3.13), we get

iq= iq Sin wt—ig cOS wt. (2.3.16)
Equating d axis MMF, we get

ig=—1i, cOS wi — iz sin wt. (2.3.17)
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From €qns (2.3.16) and (2.3.17), the inverse relationship is also obtained.

i, = —iqCOS Wt + i, sin wl; (2.3.18a)

ig =~ Iq8in ©f — i, COS w1, (2.3.18b)
Further, assumption of sinusoidal flux distribution leads to

Yed = — Wa COS ©F (2.3.1%a)

Ypa = — Yy Sin i (2.3.19b)

where Yy is the maximum flux linkage due to rotor flux to stator (@, g) windings.
Substitution of eqns (2.3.18) and (2.3.19) into eqns (2.3.12) and (2.3.13) leads to

Rig+ (Lg+ Ly) (dig/dt) — (Lg+ L) iy o= v (2.3.20a)
Rig+ (Lg+ Lag) (dig/d) + (L + Lag) ig 0 + g = vy; (2.3.20b)
(2321)

Ty =~ Koy,
Equations (2.3.20) and (2.3.21) describe the system in synchronously rotating frame of
reference. As expected the electrical quantities in eqns (2.3.20) and (2.3.21). are all dc
quantities. They are independent of rotor position. Again the electrical quantities
expressed in eqns (2.3.20) and (2.3.21) are fictitious in the sense that they are not directly
accessible at any point in the machine.

In the case of permanent magnet-synchronous motor the effective airgap between the
rotor and stator is large, on account of the fact that the relative permeability (u,) of the
permanent magnet material is nearly unity. As a result the cross-coupling terms in eqn
(2.3.20) are negligible leading to the following approximation.

Va=Riy+ (Ls+ Ly (dig/ds); (2.3.22a)
V=R, + (Ls + Lps) (di,/dr) + Ky 0; (2.3.22b)
(2.3.23)

Ty=Kri,

The constants , and —K ¢, have been replaced in the eqns (2.3.22) and (2.3.23) by

the more familiar back emf constant X, ¢ and the torque constant K. The system of eqns

{2.3.01), (2.3.22) and (2.3.23) may be more conveniently represented by the equivalent
circuit shown in fig. 5

24 Control strategy
In this section the converter topology and the switching strategy are explaiped. First
current-controlled operation of the BLDC motor is developed. Speed regulation under
sliding mode control is explained in a subsequent section.

The power circuit of the BLDC motor is shown in fig. 6. For a given motor armature

current, maximum torque is generated when the armature MMF is orthogonal to the field
MMF. Therefore the principle of control of BLDC motor is to maintain the stator MMF
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Fic. 6. Power circuit ,of the BLDC motor. The Fio. 7. Equivalent circuit of the current-controfled
switches are synchronised 1o the rotor position and BLDC motar (with iy = 0). The mechanicat system
are the electronic counterpart of the mechanical consisting of inertia (J), friction {B), and the load
commutator in a de motor. torque (7;) is represented by their electrical
analog,
orthogonal to the rotor MMF, and of sufficient magnitude to support the load torque.
This requirement transiates in the rotating two-phase frame of reference (d—g axes) into
id being maintained at zero (for orthogonality between stator MMF and rotor MMF), and
, maintained at the desired polarity and magnitude to produce the desired torque.
Under these conditions the d axis part of the equivalent circuit given in fig. 5 vanishes and
the overall system reduces to current-controlled dc motor as shown in fig. 7

Next we relate the above requirements on iy and /, to a physical switching strategy.
Figure 8 shows the active plane of the machine when the rotor is at position 15°. The
orientation of the d axis coincides with the rotor MMF direction. The directed arrows
represent the direction of the steady-state stator MMFs for the different switch positions
shown alongside. For example, switch inputs (4,, B, Cy) produce a steady-state MMF
vertically upwards. In the range of rotor position (0 < wr < 60°) this condition is
equivalent to a positive de current i, and a positive dc current i, of appropriate magnitude
in the fictitious d—q windings. Table I shows the interpretation of steady-state MMFs in
terms of i, and i, and the validity of this interpretation in terms “of the rotor position at.

Table I
Steady-state MMF along d and q axes
Switch Direction of MMF Range of wt
position —_——————
d axis q axis
AL B, Gy 1 +1, 0° < wr < 60°
Ay By, Cy -1y +1, 0° < wr < 60°
Ay By, € -1 -1 ~30° < we < +30°
Ap By, € -1 -1, 0° < wt < 60°
A By, €+l -1 0° < wr < 60°
Ap By G 1, +1, ~30° < wr < +30°

Steady-state stator MMFs tor different switching inputs and their
interpretation in the synchronously rotating (d, g) reference frame.
As we are interpreting a stationary quantity (steady-state stator
MMF) in a rotating reference frame the i interpretation is valid only in

a limited range of rotor position. The last column indicates this limi-
tation,
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inverter switch positions. The directed arrows show
the steady-state armature MMF in the active plane
of the motor for the six possible switch inputs. The
orientation of the d, q axes are shown frozen in
space corresponding to the rotor MMF at wr = 15°.

As stated earlier we need to relate the requirements of i, and i, to the three-switch
positions at any instant. There are two variables (i; and i;} to be controlled with
three-switch inputs indicating an extra degree of freedom. This extra choice available is
also seen in Table 1. However, we may select a set of control inputs which have a

Al, Bl, CO Al. Bt,CO

A1,B0,C0%
120°< wt < 180°

A0.B1.CO¥  AILBO.CON
60°< wt<120°

0<wt<60°

Al.BG,C1¢ RAO.BLCI

A0, BC, C1 A0,BC, C1

A1, BI.CO

A1LBOCOY

¢A0,B1.CO A0,B1,C0 & A1L,BO,COY

300° wt<360°

180<wt<240° 240°<wt<300°

RA0.B1.CI

RAQ, B1,C1

Al1,B0.C1¢

@A1, 80,Ct

A0, BO, €1

A0, BO, Ct
Fia. 9. Sufficient control inputs for each 60° wide sectors of the rotor position. The requirement of hav?ng to
control independently only two quantities i, and i, with three independent switches (4, B, O) res‘ults in the
availability of more than sufficient control options. Notice that only four switch inputs of all the possible switch

Inputs are used in each sector.
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consistent range of wt. These are (41, By, Co). (A(,: By, Co)s (Ag. By, Ci)and (4, B, ¢
in the range of rotor positions (0 < wt< 60°). Figure 9 shows the set of switch inputy
used for the control in each of the six different 60° wide sectors.

The method of control is to determine the error in the instantaneous value of the
currents iy and i, and to select the appropriate switch inputs (4, B, C) in order to correct
the error. The strategies for current-controlled BLDC motor and the speed-controlleq
BLDC motor are given in the subsequent sections.

2.5 Current-controlled BLDC motor

Constant current control is the simplest of the control methods. In each of the six sectors
shown above in fig. 9 the instantaneous value of i, and i, enables one to select an
appropriate power circuit switch. position. For example, in the sector (0 < wt < 60°), if
the value of iy and i, are higher than their desired values, the converter is switched to
(Aq. By, C1), and-so on. Rotor position and phase currents of the motor are sensed. By
using the transformations given in Section 2.3, they are converted into iy and i,. iy is
checked against zero. i, is checked against the desired value I,*. From these inputs and
the sector in which the rotor MMF lies at any instant, the power circuit switch inputs are
selected. Table II is a look-up table for this purpose.

The control scheme outlined above achieves regulation of the d axis and g axis
currents. For proper BLDC motor operation, the d axis current i, is maintained zero and
the g axis current i, is regulated to be equal to 1,*. The current-controlled BLDC motor
then may be represented by the block diagram shown in fig. 10. The quadrature axis
current i, and the speed o are both continuous signals. The shaft speed is related to the
quadrature axis current i, by first order dynamics. Simple linear feedback compensators
may be used to realize an overall speed regulator scheme. However, what we follow in
the subsequent sections is an alternative approach of sliding-mode speed regulation.

2.6 Sliding-mode speed controller

The BLDC motor drive may be represented by front-end converter and the rotating
reference frame equivalent circuit of the motor as shown in fig. 11. The control problem
is to select an appropriate control strategy for the switches in the front-end converter in
order to achieve the dynamic and steady-state speed response requirements for the drive.
Recalling from the case of dc motor speed control discussed in Section 2.1, the response
requirements may be put in the following form:

T

*
— K —
L v ; 1578 w

Fi6. 10. Blockediagram model of the current-fed
BLDC motor drive. The system is linear and first
order between 1,* and .
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Table II
Switch inputs for comstant current control

Sector 1,>07 L, > 1,7 Switch inputs
A B C
0 0 1 1 Q
4] 1 1 0 1
0° < ot < 60° 1 O 0 L o]
1 1 0 0 1
0 0 0 1 0
0 1 1 0 0
60° < o < 120° 1 0 0 1 !
1 1 1 0 1
0 0 0 1 {
0 1 1 i 0
120° < wt < 180° 1 0 Qt 0 1
1 1 1 0 g
0] 0 0 {] 1
0 1 0 1 0
180° < wr << 240° 1 0 1 0 1
1 1 1 1 0
0 0 1 0 1
0 1 0 1 i
AP < wt < 300° 1 0 1 0 0
1 1 0 1
0 0 1 0 0
0 I 4] 0 t
007 < wt < 360° 1 0 1 ! 0
1 I 0 ( !

Look-up table relating the input quantities, rotor MMF sector, d axis
current (i; > 07) and the g axis current (i, > 1,*?) - directly into the
necessary control action in terms of the inverter switch positions (A4,
8, ).

d(w — w*

o= (0—w)+ 22D

dr (2.6.01)
The extra condition required to be satisfied for orthogonality between stator and rotor
MMFs s that
oy =i,=0. (2.6.02)
The value of o, at any instant (again recalling from Section 2.1) helps decide the neeq to
accelerate or decelerate the motor. The need for acceleration or deceleration
determines the polarity of i, desired. From eqn (2.3.21) it is seen that increasing or
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R

d.axis Ls+Lm

Fic. 11. The complete schematic of a BLDC motor drive. The electrical and the electromagnetic substems of
the motor are given in the synchronously rotating (d, g) reference frame.

decreasing i, eventually decelerates or accelerates the motor. The value of oy at any
instant determines the corrective action desired in i,. Given the values of oy, oy, and the
sector of the rotor MMF at any instant, a look-up table may be constructed to relate these
conditions to the desired switch input { Table 111). Table III is identical in its content to
Table I used for current-controlled BLDC motor. The difference lies in the fact that
positive i, produces negative torque and vice versa.

3. Hardware and test results
3.1 Current-controlled BLDC motor

“The scheme explained in Section 2.5 was realized on a 1/2 hp BLDC motor. Recall thatit
is necessary to compute the direct axis current iy and the quadrature axis current ;.

Figure 12 shows the hardware to compute i, and i,. The Hall-effect current sensors
generate analog signals proportional to the phase currents (i, ig and ic) of the motor.
An incremental encoder drives the up/down counter to produce digital shaft position
signal (wt). The ABC~a, B transformation block realizes eqn (2.3.08). It takes in analog
phase current signals (i4, ip and i¢) to produce the two-phase current signals (i, and ig).
Two Epromsstore the trigonometric functions cos wt and sin w¢, and are addressed by the
digital shaft position signal. Multiplying D/A converters realize eqns (2.3.16) and
(23.17) to produce the analog direct and quadrature axes current signals.

Figuge 13 shows the block diagram of the current-controlled BLDC motor. The two
comparators sense the polarity of the error in the direct axis current i, and the quadrature
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Table TEI
Switch inputs for sliding-mode speed

o, > 07 o,<a,? Switch {nputs

Sector
A B C
- 0 0 1 1 0
i} 1 1 0 1
F < ol < 60° 1 0 0 1 0
1 1 0 ¢] 1
0 4] i 1 4]
0 1 ! ¥} 0
0 < o < 120° 1 0 o ! 1
I I 1 0 1
0 0 0 1 1
1] i 1 1 0
1200 < wt < 180° 1 ] 0 0 1
1 1 1 0 0
0 {0 0 0 1
0 i [l 1 0
e < wr < 240° 1 0 1 0 1
{ i 1 1 0
& 0 )] 0 1
0 ] 0 1 i
U < wr < 300° 1 0 i ] ]
1 I 0 i 0
o 0 1 0 0
0 1 il 0 1
307 < wor < 360° 1 0 | I [
i I 1} i 1

Look-up table relating the input quantities, rotor MMF sector, d axis
stiding line (o, > 0?) and the ¢ axis sliding line (o, > 077) directly
intg the necessary control action in terms of inverter switch positions
(A, B, O).

axis current £, The sector sensor is realized with an Eprom. It senses the 60° wide sector
in which the rotor MMF is located at any instant. From these inputs the look-up table
selects the switch input for the three-phase input switches (Table IT).

Figure 14a shows the phase currents i, and i, and 14b currents i, and ig. Figure !5
shows the stator MMF in the stationary frame of reference (i, vs iz ). It is seen constantin
magnitude and rotating in space at synchronous frequency.

Under current control the overall system (£, vs w) is a first order system whose time
constant is the same as the mechanical time constant (J/B) of the motor. Figu.re 16 shovys
the step change in i, and the consequent response in speed. This test is u:seful in
dezermim'ng the motor parameters. The time constant of the speed response gives the
mechanical time constant (J/B) of the motor. The slope of the speed response (dw/dt) as
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iA
HALL iy
SENSOR ’ o _
' MULTIPLYING ¢
; A,B,C D/A
— —
10 : CONVERTERS
. l“>q
Ic— —_ I
wi cos wt | |
EPROM
SHAFT
SIN wt
POSITION | UP/ DOWN o et
ENCODER COUNTER
SECTOR
o e
SENSOR

Fio. 12. Hardware for computing the direct axis and quadrature axis currents i, and i,

the speed passes through zero speed is a measure of the load inertia (K i,/J). Witha
dynamometer load. the torque generated per ampere of i (K7) may be measured. From
this test all the mechanical parameters of the motor may be experimentally determined.

A +
i g —t=>] 0 Vi
LOOK 1 ! !
B
P % uP = ‘A"'——'BT_TCVQ
q TABLE 0 0 0
1
o] c
iq ! —e
SECTOR
w1 SENSOR

STATOR  WINDINGS

Fic. 13. Block diagram of the current-controlled BLDC motor drive. The switch inputs U,. Us, and Ucare

stored in the Jook-up table as a function of the errors in the direct and quadrature axes currents and the Sector
of the rotor MMF,
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Fi6.. 14. Current waveforms of a current-controlled BLDC motor. (a) shows the physical stator three-phase
currents (64 and iz). (b) shows the transformed two-phase currents i, and iy.

As explained earlier in Section 2.5, an overall speed control loop may be designed
around a current-controlied BLDC motor to meet speed control applications. Alterna-
tively a direct sliding-mode speed control can be designed for such applications. In the
following section the hardware and test results of such a controller are presented.
3.2 Sliding-mode speed controller

The sliding-mode speed controller given in Section 2.6 makes use of output speed and

favi v i ®

in / ] J
1 T S A ARESRENES 0"»#?11‘»
el ] /
f =N / [0
all g p
Figreiepressiiorsabbpmaindbiort
| ﬁ D "% |28 25 3
! b [—f Trace 1:y; 2 amps/div;
[‘”‘" ”; Trace 2: W; 300 rpr/div.
,;‘— ey V/ Fii. 16. The response in speed of the current-
- controtled BLDC motor for step change in torque-
X-Axis: i " . 5 producing current i,,. The electrical time constant of
S 1 ampidiv; Y-Axis: ;1 ampidiv. the motor being low, the response in current is

almost instantancous. The speed response is ex-
ponential with a time constant equal to the mecha-
nical time constant of the motor.

Fi. 15. The rotating stator MMF. The two-phase
qua_ntmcs i, and iy enable viewing the stator MMF
4, vs iy on the oscilloscope.
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speed derivative to directly measure o, In a physical system the speed derivative ig not
directly accessible for measurement. Estimators may be used to obtain speed derivative,
In practice the sliding line ;=0 as given in Section 2.6 can be modified with certajy
approximations as shown below.

Under the assumption that friction is low and that the load torque is constant or slowly
varying, the mechanical system cquation given by eqn (2.3.01) may be approximated a5
Ky i,=J(d w/df) (3201

where i, is ac component of the torque producing quadrature axis current. The sliding

line equation being a linear differential equation, onc may represent the same in
frequency. domain as well.

0,(8)= (0~ 0*) + 15(w — 0"). (3.2.00)
From eqn (3.2.01), it is known that the quadrature axis current carries the speed
derivative information. We may therefore modify the sliding line as

oy(5)= 8o — w") +0,(S). (3.2.03)

Under sliding-mode control, since o,(S) is maintained to be zero, the resultant closed
loop transfer function of the system is given by

@™($)

ofS) = ———o 2
1+SJig Ky

(3.2.04)

Notice that unlike real sliding-mode control, now the response time is a function of the
motor parameters and the speed gain g.

In eqn (3.2.03) the switching function o is shown as the weighted sum of the speed
error and the ac component of the quadrature axis current i,. In practice measurement of
i, cannot be done instantaneously. It requires a high pass filter. The simplest realization
of this filter is by means of an inverted pole. Equation (3.2.05) shows the practical
switching function incorporating this practical necessity.

1+ /S w|/§
w— :
1+a/$

1
o (§) = ¢ : e [ (8) = 0. 3.2.05)
® =z BT Ot Trars 4 (

It may be noted the speed is also measured with the same inverted pole as the current. In
order not to lose the steady-state speed information an inverted zero has been added to

the speed measurement. Equation (3.2.05) may be put in the following form for
convenience.

. 1+7S8 1 s
a* () = —w— wq ! i (S) = 0. 3.2.06)
S B S R o R P () (

Under sliding mode control ¢*(8) is maintained to be zero. The closed loop response
may therefore be computed from eqns (3.2.06) and (3.2.01) as follows
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) = w*(S) 3
w(§) = 1+ S/Q wy+ $7/wf (3.2.07
where
u)(z, = KrgilJm,
Q=Vaoy1,. (3.2.08)

"The response as seen by eqn (3.2.07) is a second order response. Equation (3.2.08)
gives the design criterion. 7y is the current filtering time constant and is chosen higher
than the electrical time constant of the motor. The speed gain g; is chosen to obtain the
desired response time. The inverted zero frequency (1/r) of speed measurement is
chosen to obtain the desired damping. Figure 17 shows the block diagram of the
controlier. The switching functions o, and oy are realized as given in eqns (3.2.06) and
(2.6.02) respectively. The switching decisions are stored in the look-up table as a function
of sign (o, ), sign (oy), and rotor position (wt) (Table III).

In the circuit implementation of the sliding line, eqn (3.2.06) may be manipulated to
obtain some more practical advantages. Equation (3.2.06) may be manipulated as

1478 1 .
-~ - i (S) = —i,(S). (3.2.09)
B TTas YT T s 7® )
* i + * og>07?
W 1+ S i 9 9 rl
>
W—ef 1*T2S UL TABLE [
i+5s T+01 5 SIGNALS
iq
iy —
A A.B.C __T
iy — R q‘a)ﬂ?
; to d,q 'd
C
th wi

FiG. 17. The sliding-mode speed controller.Unlike the real sliding-mode controt using the speed error and its
derivative as the feedback variables, the modified sliding-mode controller uses the speed error and ¢ axis
current as the feed back variables. The state of the system (o, and o) at any instant and the sector in w'hich
the rotor MMF Jies at any instant are used to Jook up into a table to decide the necessary control action.
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In the case of current-controlled drive, the response in the current is almog
instantaneous owing to the fact that the electrical time constant of the machine is quite
low. Since we have chosen various filter time constants which are higher than the
electrical time constant of the motor, the term £,(S) on the RHS of eqn (3.2.09) may be
replaced by I (§) giving rise to the following equation:

1 1+7S

* ®
+ns 0 8BTS i+n8

8 i, (8) = 17 (5). (3.2.10)

Equation (3.2.10) is in such a form as to be added on conveniently to a current-controlled
BLDC motor. Another added advantage is that overcurrent protection can be simply
added by incorporating limits on this current reference signal /7 (8).

Figures 18 and 19 show the response in speed error, and i, for step speed reversal for
two different compensator designs.

3.3 Some more practical aspects

From performance point of view the BLDC motor is seen to equal the dc motor drive.
The electronic hardware is more complex because the reconstruction of the rotating
reference frame currents i, and i, calls for position sensor of good resolution, multipliers,
etc. With digital memory chips and D/A converters, the multipliers can be realized
inexpensively. The position sensor is still one of the high-cost components of the system.

[

v 5v ‘ v

HE!

SRR R s o o oo 9 I
o /“ ] T ) /.v"
@ i J® i

25 .28 E .28 |.28

Trace 1: Speed error; 600 rpm/div; Trace 2: Trace 1: Speed error; 600 rpm/div; Trace 2:
Current i,; 5 amps/div; Response: Second Current Iy; 5 amps/div; Response: Second

order; Q=0.61; = 20.6 rad/s. order; Q= 1.2; w=10.8 rad/s.
Fic. 18. 'The response to step speed reversal com- Fic. 19. The response to step speed reversal com-
mand of a BLDC motor with sliding-mode control- mand of a BLDC motor with sliding-mode control-

ler. The controller design in this case results in an ler. The controller design in this case results in an
overdamped second order response. underdamped second order response.
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In this section some simpiifications in the hardware for certain applications are
outlined. Possible solution to overcome the disadvantages incurred owing to the above
simplifications is identified in the design of the motor.

From Section 2.3, we may write the relationship between d-g axis currents and the
phase currents as below:

i1 [—coswr sin wf ~V32 V32 09 |4 saor
L' } N [~Sin wt  —Ccos wt] [—1/2 -121 } ip (3.3.01)
20

When we desire sinusoidal currents in the windings, the above transformations have to be
realized with good accuracy of the trigonometric terms involved in eqn (3.3.01). Granting
that non-sinusoidal phase currents are tolerable, the trigonometric terms in the above
transformations may be replaced by the average of their end values in each of the 60°
wide sectors of the rotor MMF position. For example, considering (0 < wr < 60°) sector,
the end values of the currents iy and i, are given by the following equations.

J -1 0 =V32 V32071 '
lq - [ . (3.3.02)
fpJo=0 0 —1[-12 ~12 1]

ic
; -1 /27 1= V3t i
lg} =[ 2 +V3 V32 V32 0 ia | 6309
fglo=60 [ =372 —1/2 -1/2 =12 1 ip

ic

‘aking the average of eqns (3.3.02) and (3.3.03), we may write for the sector
0 < ot < 60°)

i 3V3

}(O <eor<6(°) = 4
(3/4) (ip~ic)

ia (3.3.04)

iy
irther simplification is possible since under sliding control i, is zero. Then it follows that

4 3V3

qJ(U<mr<6(7“ ) 4

(32) in

(3.3.05)

ia
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SHAFT
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|| UP/DOWN
COUNTER

wt

iy

SECTOR
SENSOR

Fic. 20. Hardware for approximate computation of the direct and quadrature axes currents according to Table

v,
Table IV
Approximations of ¥4 and I,
Sector &y Zy
W3
F<wi<6r REAE 2,
4 2
-3 3
60° < @t < 120° V3 1 ll,,
4 2
+3
120° € wf < 180° V3 Iy 2.
4 2
-3V3
180° < ¢ < 240° Vi, LS
4 2
240 < wt <300 2V 3,
4 2
N < wi < 3° ~3\f In -3-1,\
2

Approximate relationship between d, g axes currents and the three-
p?\ase currents. From this relationship i, and i, may be approximately
pieced together from the phase currents with the use of only sector
sensors and analog switches instead of position sensors and mutti-

pliers.
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FiG. 22. The equivalent two-phase (i, and ig)
currents when the approximations given in Table IV
used to measure i, and i,. The two-phase currents
(i, and iy) are familiar six-step wave forms.

Fi6. 21, Phase-current waveforms when the appro-
ximations given in Table IV are used to measuce i,
and /,. These approximations lead to the well-
known quasi-square wave control of the motor.

Using the above idea we may piece together the currents i, and i, from the appropriate
phase currents in each of the sectors. The piece-wise relationship between the currents iy

and i, and the phase currents is given in Table IV.

Figure 20 shows the block diagram of the hardware needed to compute iy and i,
approximately according to eqn (3.3.05). Comparing with fig. 12, we see that
reconstructing the currents i,; and i, using Table IV requires only a sector sensor (much
less expensive than a high resolution position sensor) and analog switches instead of
multipliers. Considerable simplification is possible by following the above method of
generating i, and i,. For good many applications the difference in performance because
of the above changes is imperceptible. Figure 21 shows the phase currents under such a
control, fig. 22 currents i, and iz, and fig. 23 the response in speed error and i, for step
reversal in speed command under such a control.

It may be seen that the phase current waveforms are quasi-square wave. Asa result ic
generated torque will be pulsating causing difficulties at fow speeds. This problem exists
only if the motor has a sinusoidal distribution of flux. However. if the motor can be built
with trapezoidal distribution of flux. the low-speed performance can be considerably

improved.

4. Conclusion

The sliding-mode control approach had been applied to the speed control ‘of BLDC
motor. The control strategy is very simple to realize. True dc motor pperatlon of the
synchronous motor is achieved resulting in self starting and stable opesation at all _speeds.
The compensator design is simple and provides overcurrent protection too. Experimental

results verify the design procedure.

A,
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Trace 1: Speed error; 600 rpm/div; Trace 2:
Current i,; 5 amps/div; Response: Second
order; O = 0.61; @ =20.6 rad-s.

Fic. 23. The response to step speed reversal com-
mand when piecewise approximation to evaluate i,
and i, is used. The response is practically indisting-
uishabie from the one given in fig. 18, where the
more accurate trigonometric transformations are
used to evaluate iy and i,.

The BLDC motor drive performance equals the dc motor drive. In view of the
robustness of the motor, the BLDC motor provides an attractive option for variable
speed applications. With high speed switches the motor may be designed with higher
number of poles for operation at higher synchronous frequency resulting in higher power
density for the motor. With trapezoidal flux distribution further simplification in the
electronic hardware is possibie. '
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