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Abstract— A plus and minus switching power supplies are
needed for many applications, for example audio power
supply. Since the output voltage changes of such power
amplifiers which are loads are large, the power supply volt-
agse are changed largely. Usually, in order to suppress
the change, a capacitor with large capacity is used at the
output end. If the capacities are made small, the power
supplies can be compacted. In this paper, it is shown that
the capacities can be made small using a robust digital con-
trol using an approximate 2DOF. The derived controller is
actually implemented on a DSP. It is demonstrated from
experiments that the power supplies can be compacted by
the robust controller.

I. INTRODUCTION

The DC-DC converter is used for a switching power
supply of an plus and minus power amplifier for many
applications, for example an audio amplifier. This power
supply is needed to be compacted. In usual power sup-
ply, in order to suppress an output voltage change for load
change and input voltage change, a capacitor with large
capacity is used for the output end. It can be consid-
ered that that the capacity is made small as one means
of a compact the audio power amplifier. The authors pro-
posed the method of designing a approximate 2-degree-
of-freedom (2DOF) controller of DC-DC converter[1] as
a robust digital controller. The digital controller makes
the control bandwidth wider, and at the same time makes
the change of the output voltage very small at sudden
changes of load and the input voltage. This robust digital
controller was applied to control one side power supply[2].
In this paper, it is shown that the output voltage change
of the both sides plus and minus power supply can fully
be suppressed and the power supply can be compacted by
the capacitor with small capacity using this type robust
digital control. The robust digital controller is actually
implemented on a DSP. It is demonstrated from experi-
ments that the capacity can be made small by the robust
controller.

II. PLus AND MINUS POWER SUPPLY

The configuration of the audio power supply is shown in
Fig. 1. The part except for the controller is a controlled
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Fig. 1. Plus and Minus power supply
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Fig. 2. Plus side model of power supply

object. The triangular wave carrier is adopted for the
PWM switching signal. The switching frequency is set
at 100[KHz] and E is 14.5[V], ny : ng = 4 : 13. The
LC circuit is a filter for removing carrier and switching
noises. Cy is 1000[pF] and Lg is 70[pH]. In Fig.1, a plus
side and a minus side are symmetrical, and the plus side
model is shown in Fig. 2. The state equation of Fig. 2
is derived. If the frequency of control signal w is smaller
enough than that of the carrier, the state equation of the
DC-DC converter at a resistive load in Fig.1 except for
the controller in DSP can be expressed from the state
equalizing method as follows :

{ &= A.x+ Beu (1)

y=Czx
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Fig. 3. Controlled object with input dead time Lg4(< T)

Fig. 4. Equivalent disturbances due to load variations (parameter
variations) and model matching system with state feedback

where
e - 1 0
T = |:Z,O:| Ac—|: _Cfl‘ _Ci:| BC_|:&:|
Lo Lo Lo
V; N-
c = [1 0] u=-e; Yy=em Kp:C]\?l

Ry is the total resistance of coil and ON resistance of
FET, etc., and the value is 0.015[Q2]. When realizing a
digital controller by a DSP, a delay time exists between
the starting time of the sampling operation and the out-
putting time of the control signal due to the calculation
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 as shown in Fig. 3. Then the
state equation of the system in Fig.3 is expressed as fol-
lows :

Adwxdw(k) + Bdw’l)(k)

Taw(k+1) =
{ y?k) = de:rdw(k) (2)
where
_ [ (k) _ | =(k)
fcdw(k) = I fz(k) ] xd(k) = |: fl(k‘) :|
Adw = f(l)d B;)d :| Bdw(k) = |: ? :|
eACT A (T'—Lg) CTB dr
Ao =17 f% }
T—La _A,r
B = | I e;‘ B.dr ]
de = [Cd 0} Cd:[C 0] 51(k):u(k)

It can be considered that the input voltage E and the
load change by change of the amplitude of a voice sig-
nal etc. is parameter changes for the controlled object.
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Fig. 5. Model matching system using only voltage (output) feedback

These parameter changes can be considered to be equiv-
alent disturbances ¢, and g, inputted into the controlled
object from the exterior as shown in Fig. 4. If the trans-
fer functions between the equivalent disturbances and the
output voltage can be made small, it will become the con-
trol system hardly influenced of the input voltage change
and the load changes. Therefore, if the controller is de-
signed so that this transfer function may become small,
the compact audio power supply will be attained even if
the capacity Cy is small.

III. ROBUST DIGITAL CONTROLLER

A. Configuration of control system

First, the transfer function between the reference input
r and the output y is specified as follows :
Wiy (2)

_ A+ H)(A+ Hy)(1 4 Hs)(z — m)(z —n2) (2 + Ha)
(1 — nl)(l — ng)(z + Hl)(z + H2)(Z + Hg)(z + H4)

3)

where, nq and ny are the zeros for the discrete-time control
object (2). It shall be specified that the relation of H; and
H,, H3 becomes |H1|>|Re(Hs)|, |H1|[>|Re(H3)|. Then
Wyy(z) can be approximated to the following first-order
model:

1+ H;
Z+H1

Wiy(2) = Win(2) = (4)
This target characteristics Wy, (z) = W,,(2) is specified
so that the bandwidth of the audio power supply becomes
as wide as possible.

Applying a state feedback

—Fx* + GHyr (5)
ly z2 & &]"

v =
¥ =

and feedforward
&(k+1)=Gr (6)

to the discrete-time controlled object as shown in Fig. 4,
we decide F = [F(1,1) F(1,2) F(1,3) F(1,4)] and G so
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Fig. 6. System reconstituted with inverse system and filter

that W, (z) becomes eq.(3). Th current feedback is used
in Fig. 4. This is transformed to voltage and control in-
put feedbacks without changing the pulse transfer function
between r — y by an equivalent conversion. The following
relation is obtained from Fig. 4:

F(1,2)
~ 409 (z1(k +1)

Ad(L 3)51 - Bd(17 1)77> (7)

—F(1,2)x2(k) =
—As(1, D)z (k) —

If the current feedback is transformed equivalently using
the right-hand side of this equation, the control system
with only voltage feedback as shown in Fig. 5 will be ob-
tained. The transfer function Wg, (2) between this equiv-
alent disturbance @ = [g, ¢,]T and y of the system in
Fig. 5 is desfined as

Waoy(z) = [uny(z) quy(z)] (8)

The system added the inverse system and the filter to the
system of Fig.5 is constituted as shown in Fig. 6. In Fig.
6, the transfer function K (z) becomes

k.
K = — 9
() = 9
The transfer functions between r — y and @@ — y of the
system in Fig. 6 are given by

1+ H  2—1+k,
4 z—i—le—l—i—szS(z)W(z)r (10)
z—1 z—14+k,
vy = z2—1+4+k, z— 1+sz3(Z)WQy(z)Q (11)
where
W.(z) = (1 - H2)(1+4 H3)(z—n1)(z —na) (12)

(Z — HQ)(Z + Hg)(l — nl)(l — TLQ)

Here, if W,(2z) ~ 1, then Egs.(9) and (10) become, respec-
tively,

1+ H
P — 13
Y eyl (13)
~ 2l w20 (14)
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From eqgs.(12) and (13), it turns out that the characteris-
tics from r to y can be specified with H7, and the charac-
teristics from @ to y can be independently specified with
k.. That is, the system in Fig. 6 is an approximate 2DOF,
and its sensitivity against disturbance becomes lower with
the increase of k..

If an equivalent conversion of the controller in Fig. 6 is
carried out, the approximate 2DOF digital integral-type
control systems will be obtained as shown in Fig.6. In
Fig. 7, the parameters of the controller are as follows :

ki = F(Q,1+F(1,2)FF(1,1) + ((-F(1,4)
F(1,2)FF(1,4))(—=F(1,2)/FF(1,2)))
+ (GHy+ GF,)(k./(1+ Hy))
ke = F(1,2)/FF(1,2) + G(k./(1 + Hy))
ks = F(1,3)+ F(1,2)(FF(1,3)) ky = —F,
ki = Gk, kio=(GHy+ GF2)k,
ki = G kpo=GH,+GF, (15)
where
FF(1,1) —Aq(1,1)/A4(1,2)
FF(1,2) = A4(1,2)
FF(1,3) = —Aq(1,3)/A44(1,2)
FF(1,4) = —By(1,1)/44(1,2)
F, = —F(1,4) - F(1,2)FF(1,4)

In the audio amplifier power supply, since a plus side
and a minus side is symmetrical, the controller which con-
trols only the plus side is designed. A model for the con-
trolled object of the plus side becomes as shown in Fig.
2. The robust control system to this controlled object be-
comes as shown in Fig. 7. This system is an approximate
2DOF system and can specify independently the charac-
teristics between the reference value and the controlled
output, and the characteristics between the disturbance
and the controlled output. If the parameter of the con-
troller is set up so that the transfer function between the
disturbance and the controlled output may become small,
the control system will become low sensitivity very much.
Therefore, even if the capacity is small, the large load
changes can be suppressed. The same controller of Fig.
7 is applied to the minus side of Fig. 1. The averaged
control input is switched to the plus side and minus side.

IV. EXPERIMENTAL STUDIES

The sampling period T are set at 10[us] and the input
dead time Ly is about 0.9997[us]. The nominal value of
Ry, is 4[2]. We design a control system so that all the
specifications are satisfied. First of all, in order to satisfy

the specification on the rising time of startup transient
reponse, Hy, Ho, H3 and H, are specified as
Hi4 = —-09 Hy;=0140.1i H3=0.1-0.1¢
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Fig. 8. Experimental results by the approximate 2DOF robust
digital control at Cp = 1000[uF]

Hy, = -0999 k,=0.15 (16)
Then the parameters of controller become

ki = 14.063 ke = —11.605 k3 = —0.022209
ky = —0.20448 k; = —1.3752 k;, = 1.1427  (17)

We used the DSP(TI TMS320LF2808). Fig. 8 and Fig.
9 show the output voltage changes by the approximate
2DOF robust control at Cy = 1000[p] and Cy = 220[u],
respectively. From these results, it turns out that out-
put voltage change hardly changes even if capacity be-
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Fig. 9. Experimental results by the approximate 2DOF robust
digital control at Co = 220[uF]
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Fig. 10. Experimental results by PI control at Co = 1000[uF]
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Fig. 11. Experimental results by PI control at Cy = 220[uF]

comes very small. Fig. 10 and Fig. 11 show the out-
put voltage changes by PI control at Cy = 1000[u] and
Co = 1000[u], respectively. It turns out that the output
voltage changes are very large compared with the robust
control. Moreover, the output voltage changes are oscil-
lating at Cp = 220[p]. These results show that the robust
control by approximate 2DOF is effective in compact au-
dio power supply.

V. CONCLUSION

In this paper, the robust digital control was performed
by DSP. Consequently, even if it made capacity small, it
was shown that output voltage changes of the both sides
of the plus and minus power supply can be suppressed
almost like the time when capacities are large. A future
subject is designing the robust digital controller which can
make the value of output voltage change smaller.
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