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Abstract: In many applications of DC-DC converters, loads cannot be specified in advance, i.e., their amplitudes are suddenly
changed from the zero to the maximum rating. Generally, design conditions are changed for each load and then each controller
is re-designed. Then, a so-called robust DC-DC converter which can cover such extensive load changes and also input voltage
changes with one controller is needed. Analog control IC is used usually for the controller of DC-DC converter. Simple integral
control etc. are performed with the analog control IC. However it is difficult to retain sufficient robustness of DC-DC converter by
these techniques. The authors proposed the method of designing an approximate 2-degree-of-freedom (2DOF) controller of DC-
AC converter. This controller has an ability to attain sufficient robustness against extensive load and DC power supply changes.
For applying this approximate 2DOF controller to DC-DC converter, it is necessary to improve the degree of approximation
for better robustness. In this paper, we propose a method of designing good approximate 2DOF digital controller which makes
the control bandwidth wider, and at the same time makes a variation of the output voltage very small at a sudden change of
resistive load. The proposed good approximate 2DOF digital controller is actually implemented on a DSP and is connected to
a DC-DC converter. Experimental studies demonstrate that this type digital controller can satisfy given specifications.
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1. Introduction is generally expensive and noisy. In order to avoid use of
In many applications of DC-DC converters, loads cannot the current sensor, the current feedback is changed by using
be specified in advance, i.e., their amplitudes are suddenly a dynamic compensator into the output feedback and con-
changed from the zero to the maximum rating. Generally, trol signal feedback equivalently. Secondly, an approximate
design conditions are changed for each load and then each model of this model matching system is derived by setting
controller is re-designed. Then, a so-called robust DC-DC the high order by 1 than the former approximate model. The
converter which can cover such extensive load changes and degree of approximation is improved by increasing the order
also input voltage changes with one controller is needed. of the approximate model. An inverse system of this good
Analog control IC is used usually for the controller of DC- approximate model and a filter for realizing the inverse sys-
DC converter. Simple integral control etc. are performed tem are combined with the model matching system. Finally,
with the analog control IC. Moreover, the application of the an equivalent conversion of the portion of the controller is
digital controller to a DC-DC converter designed by the PID carried out, and a realizable good approximate 2DOF con-
or root locus method etc. has been recently considered[1], troller is obtained. This digital controller is actually realized
[2]. However it is difficult to retain sufficient robustness of by using a DSP. Some simulations and experiments show that
DC-DC converters by these techniques. the proposed good approximate 2DOF digital controller can
The authors proposed the method of designing an approxi- satisfy given specifications.
mate 2-degree-of-freedom (2DOF) controller of DC-AC con-
verter[3], [4], [5]. Unlike other methods[6], [7],this controller 2. DC-DC converter

has an ability to attain sufficient robustness against exten- The power amplifier as shown in Fig.1 has been manufac-

sive load and DC power supply changes. For applying this tured. In order to realize the good approximate 2DOF digi-

approximate 2DOF controller to a DC-DC converter, it is tal controller which satisfies given specifications, we use the
DSP(TI TMS320LF2401). This DSP has a built-in AD con-
verter and a PWM switching signal generating part. The
triangular wave carrier is adopted for the PWM switching
signal. The switching frequency is set at 300[KHz] and the
peak-to-peak amplitude Cp, is 66[V]. The LC circuit is a fil-

ter for removing carrier and switching noises. Cy is 308[uF]

necessary to improve the degree of approximation for better
robustness. In this paper, we propose a method of designing
good approximate 2DOF digital controller which makes the
control bandwidth wider and at the same time makes a vari-
ation of the output voltage very small at a sudden change
of resistive load. The good approximate 2DOF controller
is constituted as follows : First, a model matching system

o fod trol bandwidth i b b ) and Lo is 1.4[uH]. If the frequency of control signal u is
r}: altspea ed tC}(l)n ro a: ledb ll{s CO’;}SII ute ty usig smaller enough than that of the carrier, the state equation
¢ voitage anl © current feedbacks. € current sensor of the DC-DC converter at a resistive load in Fig.1 except

This paper is supported by my funding agencies. for the controller in DSP can be expressed from the state
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Fig. 2. Controlled object with input dead time Lq(< T')
equalizing method[8] as follows :
{ Tz =A.x+ B.u (1)
y=Cx
where
1 1
r = [?"}AC:[_CURL C—I%O:|BE:[I?;7:|
¢ Lo Lo Lo
Vi N
C = [1 O] u=e; Y=eo Kp:—c J\;l

and Ry is the total resistance of coil, ON resistance of FET,
etc and the value is 0.015[Q].

When realizing a digital controller by a DSP, a delay time
exists between the starting time of sampling operation and
the outputting time of control signal due to the calculation
and AD/DA conversion times. This delay time is considered
to be equivalent to the input dead time which exists in the
controlled object as shown in Fig.2. Then the state equation
of the system in Fig.2 is expressed as follows :

:I;dw(kj + 1) = Adwmdw(k> + Bdwv(k)

{ (k) = Cawaw (k) (2)
where
_ [ walk) _ | =(k)

zaw(k) = | k) ] zq(k) = [ (k) ]

A = Izd Bod :| Bdw(k) = [ ? :|

4, = i eA(:T eAC(T—Ld)f(gd eAcTBch ]

By = [ foTiLd elACTBch :|

Caw = [Ca 0] Ca=[C 0] &(k)=u(k)

In practical use of a DC-DC converter, the characteristics of
a startup transient response and a dynamic load response are
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Fig. 3. Equivalent disturbances due to load variations (pa-
rameter variations) and model matching system with
state feedback

important. The DC-DC converter with the following spec-
ifications 1-6 is designed and manufactured by constituting
digital control systems to a DC-DC switching part :

1. Input voltage V; is 48[V] and output voltage e, is
3.3[V].

. Startup transient reponses are almost the same at re-
sistive load and parallel load of resistance and capacity,
where 0.165<R;, < o0[€?] and 0<C <200[uF].

. The rising time of the startup transient reponse is
smaller than 100[us].

. Against all the loads of spec.1, an over-shoot is not
allowable in the startup transient response.

. The dynamic load response is smaller than 50[mV]
against 10[A] change of load current.

. The specs. 2, 3, 4 and 5 are satisfied also to change of
input voltage of +20%.

The load changes for the controlled object and the input volt-
age change are considered as parameter changes in eq.(1).
Such parameter changes can be transformed to equivalent
disturbances ¢, and ¢, as shown in Fig.3 even in discrete-
time systems. Moreover, if the saturation in the input arises
or the input frequency is not so small in comparison with
the carrier frequency, the controlled object will be regarded
as a class of nonlinear systems. Such changes in character-
istics can be also transformed to equivalent disturbances as
shown in Fig.3. Therefore, what is necessary is just to consti-
tute the control systems whose pulse transfer functions from
equivalent disturbances ¢, and g, to the output y become
as small as possible in their amplitudes, in order to robus-
tize or suppress the influence of these parameter changes,
i.e., load changes and input voltage change. In the next sec-
tion, an easy designing method which makes it possible to
suppress the influence of such disturbances with the target
characteristics held will be presented.



GH4-F(14)G

-
Vo=

%(k+1)=A x,(K)+B nk)

"| F(L2B, G ' )=C e (ka0
A,0.2) ) :
F(1,2)B,(1,1) !
V— F(1,2)
A 12 _ x4
A 401,2)
-F(Q.,3)
F(1.2)A (1.9
AL
F(1,24 (1,1) F(L2By(LD FO.2)
_ s Midad (8 _FQ,
rap =l +( T )( )

Fig. 4. Model matching system using only voltage (output)
feedback

3. Design method of good approximate 2DOF
digital integral-type control system
First, the transfer function between the reference input r and
the output y is specified as follows :

(1+ Hy)
(]. - nl)
(z—m)
(z + Ha2)

1+ H2)(1+ Hs)
1-— ng)(z + Hl)
z—mn2)(z+ Hy)
z+ Hs)(z + Ha)

Wiy (Z)

(3)

~|—~ ~|~

where, n1 and ns are the zeros for the discrete-time control
object (2). It shall be specified that the relation of H; and
H,, Hs becomes |H1| and |Hz[>>|H3|. Then Wiy (2z) can be
approximated by the following:

(1 -+ H1)(1 + Hz)(z — no)

Wry(2) = Wi (2) & (z+ Hy)(z + H2)(1 — no)

(4)

This target characteristic Wry(z) & Wi, (2) is specified so
that it satisfies the specs.3 and 4.
Applying a state feedback

v = —Fx"+GHyr (5)
o= [y m & &
and a feedforward
SLk+1)=Gr (6)

to the discrete-time controlled object as shown in Fig. 3,
we determine F = [F(1,1) F(1,2) F(1,3) F(1,4] and G
so that Wry(z) becomes Eq.(3).
in Fig.3. This is transformed into voltage and control sig-

Current feedback is used

nal feedbacks, without changing the pulse transfer function
between r — y by an equivalent conversion. The following
relation is obtained from Fig. 3 :

F(1,2)
T A44(1,2)
Aq(1,3)é — Ba(1,1)n)

—F(1,2)z2(k) (z1(k+1) — Aq(1, )z1 (k)

(7)

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.4 will be obtained.
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Fig. 5. System reconstituted with inverse system and filter

The transfer function Wy, (2) between this equivalent dis-
turbance Q@ = [¢» ¢y]7 and the output y of the system in
Fig.4 desfined as

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

The system added the inverse system and the filter to the
system in Fig.4 is constituted as shown in Fig.5. In Fig.5,
the transfer function F(z) becomes

_ ke
z—1-+k,

K(z) = (9)

The transfer functions between r —y and @ —y of the system
in Fig.5 are given by

(1+ Hi)(1+ Ha)

(z+ Hi)(z + H2)
z—1+k,
itk k(W) @ (10
z—1 z—1+k,
v p ey wy s T s MUCTIC/ )
where
Wa(z) ~ (14 H3)(z —n1)(z — n2) (12)

- (Z+H3)(1 — TL1)(]. — nz)

Here, if W;(z) = 1, then Egs.(10) and (11) become, respec-
tively,

(L+ Hi)(1+ Hy)

CrH)GT ) (13)
(14)
z—1
Yy mWQy(Z)Q (15)

From eqgs.(13) and (14), it turns out that the characteristic
from r to y can be specified with H; and Ha, and the charac-
teristic from @ to y can be independently specified with k..
That is, the system in Fig.5 is an approximate 2DOF sys-
tem, and its sensitivity against disturbance, i.e., load change
becomes lower with the increase of k..

If an equivalent conversion of the controller in Fig.5 is car-
ried out, the good approximate 2DOF digital integral-type
control systems will be obtained as shown in Fig.6. In Fig.6,
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Fig. 6. Control system of approximate 2DOF digital integral
type

the parameters of the controller are as follows :

kh = —-F(1,1)-F(1,2)FF(1,1)+ ((—-F(1,4)
- F(1,2)FF(1,4))(—F(1,2)/FF(1,2)))
— (GH4+GF)((1 —na)k=/((1+ H1)(1 + H2)))
ko = —-F(1,2)/FF(1,2)
— Gl —na)k./((1+ H1)(1+ H2)))
ks = —F(1,3) - F(1,2)(FF(1,3))
k4 F, ks=n,
ke = —(k.(1—-n.)(1+H1+ H2)
4+ na(l —ne)k.)/((1+ H1) x (1 + H2))
ki = GHA4+GFz ki =G kin =k.(1 —na)
kir = G ko =GHA4+GF, ki, =k (16)
where
FF(1,1) = —A4,1)/A4(1,2)
FF(1,2) = A41,2)
FF(1,3) = —A4(1,3)/A4(1,2)
FF(1,4) = —Bg(1,1)/A4(1,2)

—F(1,4) — F(1,2)FF(1,4)

If k, is large enough in eq.(10), the following equation holds
at Ws(2) &~ 1, and feedforward parameters kir, k2r and ks,
are not necessarily required in Fig. 6 :

z—l+kz~ k.
2—1+k, z—1+k,

(17)

4. Experimental studies
The sampling period T are set at 3.3[us] and the input dead
time Lq is about 0.999T[us]. The nominal value of Ry is
0.33[Q?]. We are to 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,
H,, Hy, H3 and H,4 are specified as

H, =-083 Hy,=-0.82
H; =03 Hy=-03
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Fig. 8. Simulation result of dynamic load response at resis-
tive load

The parameter k. is selected as

k. =06 (19)
Then the parameters of controller become
k1 = —194.88 ko =289.74 k3 = —0.045316
ka = —0.25781 ks = —0.40000 k¢ = 28.824
ki = 49609 k. = —8.8937 kin = 0.84000 (20)

k1ir, kor and ks, are set at 0. The simulation results of the
output voltage y = e,, the input voltage u = e; and the
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Fig. 9. Experimental result of startup response at resisitive
load (Rr = 0.33[)])
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Fig. 10. Experimental result of startup response at resisitive
load (R = 0.165[Q])

current i are shown in Fig.7. From y = e, in this figure,
it turns out that all the specifications are satisfied. It is
checked that almost the same simulation results as Fig.8 are
obtained when the input voltage V; is changed by £20%. The
simulation results of the dynamic load responses are shown in
Fig.8. Fig.8 is for the case of the resistive load (R = 0.33 <>
0.165[€2]). Although the load current changed suddenly from
20 [A] to 10 [A] or reverse, the output voltage change is very
small and is suppressed within about 50 [mV]. It is checked
that almost the same simulation result as Fig.11 is obtained
at the parallel load of resistance (Rr = 0.33 «<» 0.165[Q2]) and
capacity (Cr = 200[uF]). It turns out that all results satisfy
the specifications.

Experimental results when realizing the digital controller
with the parameters of eq.(20) by using the DSP, and con-
necting to the controlled object of eq.(1) are shown in
Figs.9-16. Fig.9 shows a startup response at the resisitive
load (Ry = 0.33[Q2]). Fig.10 shows a startup response at the
resisitive load (Ry = 0.165[€2]). Fig.11 shows a startup re-
sponse at the parallel load of resistance (Rr = 0.33[Q2]) and
capacity (Cr = 200[uF]). Fig.11 shows a startup response at
the parallel load of resistance (Rr = 0.165[Q2]) and capacity
(Cr = 200[pF]). From y = e, in these figure, it turns out
tha almost the same exprimental results as the simulation
results in Fig.7 are obtained and the specifications are sat-
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Fig. 11. Experimental result of startup response at parallel
load of resistance (Rr = 0.33[Q2]) and capacity (Cr =

200[F])
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Fig. 12. Experimental result of startup response at the

parallel load of resistance (Rr = 0.33 + 0.165[Q2]) and
capacity (Cr = 200[uF])

isfied. Fig.13 shows a startup response at the resisitive load
(R = 0.33[2]) when the input voltage is 58[V]. Fig.14 shows
a startup response at the resisitive load (Rr = 0.33[Q2]) when
the input voltage is 38[V]. It turns out that the specifications
are satisfied when the input voltage V; is changed by +20%.
Fig.15 shows dynamic load responses at the resistive load
(Rr = 0.33 + 0.165[2]). Fig.16 shows dynamic load re-
sponses at the resistive load (R = 0.33 « 0.165[9}]). Fig.15
shows dynamic load responses at the parallel load of resis-
tance (R = 0.33 «» 0.165[Q2]) and capacity (Cr = 200[pF]).
It turns out tha almost the same exprimental results as the
simulation results in Fig.11 are obtained. Although the load
current changed suddenly from 20 [A] to 10 [A] or reverse,
the output voltage change is very small and is suppressed
within about 50 [mV]. It turns out that all the specifications
are satisfied.

5. Conclusion
In this paper, the concept of controller of a DC-DC converter
to attain good robustness against an extensive load changes
was given. The proposed digital controller was implemented
on the DSP connecting to the controlled object (PWM
switching part which consists of an electric power conversion
part and an LC filter). It was shown from some simulations
and experiments that a sufficiently robust digital controller
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Fig. 13. Experimental result of startup response at resisitive
load (R = 0.33[Q2]) when the input voltage is 58[V]
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Fig. 14. Experimental result of startup response at resisitive
load (Rz = 0.33[2]) when the input voltage is 38[V]

is realizable. The characteristics of the startup transient re-
sponse and the dynamic load response were improved by us-
ing the proposed good approximate 2DOF digital controller.
An advanced control algorithm has been implemented with a
short sampling time using the TI TMS320LF2401. This fact
demonstrates the usefulness and practicality of our method.
Experimental studies on sudden change in the input voltage
are required for the future.
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