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Abstract

In this paper, a digital robust controller with bump-
less mode switching for controlling the current of
PWM power amplifier for satisfying the demands and
extending the range of inductive load wider is pro-
posed. It is necessary to measure the value of load
to implement this bumpless mode switching automat-
ically according to the load range. Thus, a method
of estimating inductive load is shown. The bump-
less mode switching is automatically performed by
estimating a inductive value without specifying the
value of inductive load beforehand. The digital con-
troller equipped with the inductance estimation and
the bumpless mode switching is realized by a DSP.
Some experiments show that the digital controller with
the proposed bumpless mode switching can satisfy
larger specifications.

1 Introduction

A pulse width modulation (PWM) switching circuit
is used for an electric-power conversion circuit, an LCL
low-pass filter is inserted between the conversion cir-
cuit and the load for noise removal, and a PWM am-
plifier which constitutes feedback control systems so
that the output current supplied to the load might be
proportional to a reference input is used as an ampli-
fier itself or as a current supply. If the characteristics
and parameters of the load are decided and there is
little change in those, satisfactory performances are
obtained in general. In many applications, however,
loads cannot be specified, i.e., its amplitude is also
sharply changed from the zero to the maximum rating.
Usually, design conditions are changed for each load
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and then each controller is re-designed. Then, a so-
called robust PWM amplifier which can cover such an
extensive load changes and also direct-current power
supply voltage changes with one controller is needed.
We have recently proposed the different methods for
designing a digital controller for PWM voltage ampli-
fiers which can attain such demand. Furthermore, a
digital controller which uses mode switching was pro-
posed in order to extend the range of load wider. This
mode switching is performed automatically without
specifying the value of capacitive load beforehand, i.e.,
the parameters of the controller are switched auto-
matically. In this paper, a bumpless mode switching
method for controlling of the current of PWM power
amplifier is proposed. It is necessary to measure the
values of the loads to implement this bumpless mode
switching automatically according to the load range.
Thus, a method of estimating inductive load is shown.
The digital controller with the bumpless mode switch-
ing function is actually realized by using a DSP. Ex-
perimental studies show that the proposed digital con-
trollers can satisfy larger specifications smoothly.

2 PWM power amplifier

The PWM amplifier as shown in Fig.1 is being
manufactured. The carrier frequency of triangular
waves are 10-100[kHz|, and the amplitude ¢, is 10[V]
and E is 150[V]. The LCL circuit is a filter for remov-
ing carrier and switching noises. The values Ly, Cy
and L, of the LCL circuit are determined so that con-
trol systems can make their sensitivity to load changes
low and reduce noise. If the frequency of input w is
smaller enough than that of the carrier, the state equa-
tion of the PWM amplifier at inductannce load Ly,
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Figure 1: PWM amplifier

in Fig.1 can be expressed from the state equalizing
method as follows:

T =A.x+ B.u
{ (1)

y=Cz
where
. T
r = [ € 10 U1 ]
1 1
PR A 5
A, = “Io _L_g 0 B.= L_§
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and Ry is the total resistance of coil, ON resistance of
FET, etc. Ry and Ry, are resistances of coil(L;) and
coil(Ly), respctively. When realizing a digital con-
troller by a DSP, a delay time exists between the start
point of sampling operation and the output point of
control input due to the input computing time and
AD/DA conversion times. This delay time is consid-
ered to be equivalent to the input dead time which
exists in the controlled object. Then the state equa-
tion of the system of Fig.2 is expressed by

{ zq(k+1) = Agza(k) + Bav(k)

y(k) = Caza(k) @)

where
w = [E] ew-uw c=[c 0]
4, — [ eAcT  pAc(T—La) fOLd eACTBCd,T
| 0 0
r rT—La AcT
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Now, the PWM amplifier with the following specifica-
tions 1-3 is designed and is manufactured by consti-
tuting digital control systems to the PWM amplifier
(controlled object) at inductive load. Such specifica-
tion is demanded in Magnetic-Field Current Tracking
Control in MRI[?] etc..

1. The band-width of control systems is about
1[kHz] to inductive load, where 0<Lj < 5[mH].

2. Against the range of inductance load of spec.1, an
over-shoot is not allowable in a step response.

3. The specs. 1 and 2 are satisfied regardless of
change in large direct-current power supply.

The load changes for the controlled object and the
direct-current power supply change are considered as
parameter changes in eq.(2). Such parameter changes
can be transformed to equivalent disturbances. There-
fore, what is necessary is just to constitute the control
systems whose pulse transfer functions from equiva-
lent disturbances and to the output become as small
as possible in their amplitudes.

3 Design method of approximate 2-
degree-of-freedom digital integral-
type control system

First, the transfer function between the reference
input r and the output y is specified as

(1+ Hi)(1+ H)(1+ Hj)
(I =n1)(1 = n2)(1 —n3)
(14 Hy)(z —n1)(z — n2)(z — ng)
(z+ H1)(z + H2)(2 + H3)(z + Ha)

W,, =

3)

where n; and ny are the zeros for discrete-time con-
trolled object (2). It shall be specified that H; and H,,
Hj satisfy the relations Hi>>Hs, H3, Hy > 0. Then
W,y (2) can be approximated by the following:

1+ H,
WTy(Z) ~ Wi(z) = Z+ H,

(4)

We constitute a state feedback system using v =
Fz4 + Gr to the controlled object(2), and decide
F = [F(1,1) F(1,2) F(1,3) F(1,4)] and G so that
W,y (2) becomes eq.(3). The equivalent disturbance
is defined as Q = [q, g3 ¢y]T and the pulse transfer
function between @) and the output y of the state feed-
back system is defined as Wg, (). The system with an
inverse system and a filter added to the state feedback
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Figure 2: System reconstituted with an inverse system Digital Controller

and a filter

Figure 3: Approximate 2-degree-of-freedom digital in-
system is constituted as shown in Fig.2, in which the tegral type control system
pulse transfer function F'(z) is given by

k ) derivative of current of load coil such that
F(z) = ———— (5
—1+4+k ot
Pk Ll ~ 2O 0
The transfer functions between r and y, @ and y of u(t)
the system in Fig.4 are written approximately as The inductance can be estimated from eq.(11), which
1+ H, is expressed in the discrete approximation form of
YR —— (6)
Z+H1 eo(k)+eo(k—1)
Li+Lp =~ T 9
R A M
Y~ z;lWQy (2)Q (7) Eqgs.(12) and the filter are implemented by a DSP. The
z—1+k: holding function is added.

The control mode is switched with an estimated
inductance. If the estimated value is changed due
to noise etc. when the load inductance is close to a
threshold of change, the problem of frequent mode
switching will occur. Therefore, the hysteresis char-
acteristic with mode switching is established. The in-
ductances of TH — L and T H — H used as the width of
hysteresis are set up experimentally so that a change
does not occur beyond necessity. As for the parameter,
Low(L)-mode is chosen at the start of an inductance
estimation program. Even when an estimated value
exceeds TH — L, it does not switch to the High(H)-
mode. Only when it exceeds TH — H, it switches to
the H-mode. At the time of being conversely less than
TH — L a switch from the H-mode to the L-mode is

It turns out from eqgs.(8) and (9) that the characteristic
r — y can be specified with H; and the characteristic
@ — y can be independently specified with k,. That is,
the systems of Fig.2 are of approximate 2-degree-of-
freedom, and their sensitivity against the disturbance,
i.e., load changes becomes lower with the increase of
k..

Now, if an equivalent conversion of the controller
in Fig.2 is carried out introducing steady state gain
g between r — y, an approximate 2-degree-of-freedom
digital integral-type control systems will be obtained
as shown in Fig.3.

4 Inductance estimating and con-

. performed.
troller parameter bumpless switch-

ing method 4.2 Bumpless mode switching method
4.1 Inductance estimating method The control mode is switched with an estimated
inductance. If the estimated value is changed due
Load inductance can be estimated from the to noise etc. when the load inductance is close to a
continuous-time controlled object of eq.(1). If it is threshold of change, the problem of frequent mode
eo(t) > (R1 + Ry)i, at an inductive load, the induc- switching will occur. Therefore, the hysteresis char-
tance is computed by the voltage of capacity and the acteristic with mode switching is established. If the
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control variable changes rapidly when the controller
switches the control mode, a bump will arise in an
output. In order to suppress the bump, auxiliary feed-
back functions are implemented by a combination of
H-mode controller and L-mode controller.

5 Experimental studies

A single-chip DSP from Texas Imstruments(TI) is
used, which realizes a digital controller as in Fig.3.
We will design a control system so that all the
specifications are satisfied within 0<L;<3[mH] and
3<L;<5[mH] at L-mode and H-mode, respectively.
First of all, in order to set the band-width to about
1[kHz], Hy, Ho and Hj are specified as

H,=-0.89 Hy;=-005 H3=-05 H;=-0.4(10)
If it sets up with
LL = 1[mH]

k. = 0.09 (11)

then a specification can be satisfied at L-mode. The
parameters of controller become as

ky =
ky =

—0.04280 kg = —0.43702 ks = 0.61873
—0.13447 ky = —0.012601 Gg=0 (12)

Next, Hi, H> and Hj are specified as
H, =-0.89 Hy=-005 Hs;=-0.01 Hy=-0.5(13)
If it is set up with
Ly = 5[mH]

k. =0.45 (14)

then a specification can be satisfied at H-mode. The
parameters of controller become as

—0.054912  kgp = —0.078368 k3, = 3.962700
—3.76630 k;p = —0.31917 Gg=0 (15)

ki =
kan =

According to the estimated value, the mode is
switched from L to H. When Ly = 4[mH] at L-mode,
the parameters are switched from L-mode to H-mode.
If it switches from L-mode to H-mode, the range of L,
is extended to

0<L.<5[mH] (16)
and then all the specifications are satisfied. Fig.4
shows a step responses of i; and e; when performing
the DDC using the automatic bumpless mode switch-
ing from L-mode to H-mode. L and H in Fig.4 show
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Figure 4: Experimental result of step response at in-
ducitive load (Lz, = 5[mH]) using automatic bumpless
switching from L-mode to H-mode

that L-mode and H-mode controllers are operating,
respectively. This experimental result shows that the
bumpless mode switching can spread the range of the
value of inductive load. Fig.14 Experimental result of
step response at inductive

load (L =5

6 Conclusion

In this paper, the concept of controller with bump-
less mode switching to attain the robust control of
the current of PWM power amplifier against extensive
load changes was given. The proposed digital con-
troller with bumpless mode switching was realized by
using a DSP implemented to the controlled object. It
was shown from an experiment that a sufficiently ro-
bust digital controller is realizable. The range of in-
ductive load can be extended by performing the bump-
less mode switching.
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