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Abstract—This paper presents a reference modification model
digitally controlled dc—dc converter. The proposed method is able to
obtain superior transient response because it modifies a reference
of conventional feedback loop against the change of output voltage.
The modifying process operates only in the transient state. During
the steady state, the feedforward control cancels a steady-state-
error. Since the feedforward control uses the load current value,
this paper discusses two current-sensing methods. One is the output
current-sensing method using the sensing resistor, and the reactor
current-sensing method using the R—C filter is discussed in order
to reduce a performance loss by the sensing resistor. As a result,
the output current-sensing method is effective in case that high-
transient-response performance is required. On the other hand, it
is better to use the reactor current-sensing method when efficiency
is important.

Index Terms—Current-sensing, dc—dc power converters, digital
control, performance loss, transient response.

I. INTRODUCTION

HE importance of energy saving, including energy man-
T agement, has been further increasing due to the ongoing
global warming in the power supply system. The transient re-
sponse is also important because a low-power sleep mode and
a high-power active mode are changed alternately. The power
supply system requires an excellent one against both the en-
ergy management function and the transient response. A digital
control technology has an intelligent function that an analog
control technology does not have. The digital control technol-
ogy of switching power supply has made remarkable progress
in order to satisfy these requirements [1]-[7]. However, it is
important to improve transient characteristics because both the
conversion time of A—D converter and the processing time of
digital controller exert a bad influence on it [8]-[14]. We accept
the delay time and have focused to solve its problem by the in-
telligent arithmetic algorithm. The steady-state characteristics
are also important in the power supply system.

We have already reported a static model dc—dc converter us-
ing voltage controlled oscillator (VCO) [15]-[18]. This method
has no steady-state characteristics because calculation equations
of the static model are applied to the reference in P control of
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the conventional feedback loop. As a result, it is possible to
regulate the output voltage without depending on the integral
control. On the other hand, the control by conventional feed-
back loop is mainly against transient characteristics because the
input—output characteristic in the steady-state derives equations
of a simple static model; it has a limit to improve transient char-
acteristics. Furthermore, since the reference of output voltage
is modified with the VCO, the integration of both the VCO
and the digital logic circuit is difficult and impractical. Then,
we have also reported a steady-state-error and transient sup-
pression (STS) model dc—dc converter using a general A-D
converter [19]-[21]. In [19]-[21], no steady-state characteris-
tics can be obtained against the change of input voltage and
output current by the existing static model to the bias of the
conventional feedback loop. Although transient characteristics
are also suppressed sufficiently by adding the exponential func-
tion to calculation equations of the existing static model, the
effectiveness against transient suppression is limited to a spe-
cific load for the step change. There is no control parameter that
is able to adapt against various variation width of the load for the
step change. Therefore, it is necessary to add a new technique to
control unit, including static model, in order to suppress the
transient characteristics against various widths of the load for
the step change.

The purpose of this paper is to present the digitally con-
trolled dc—dc converter using a reference modification model
for improvement of the transient response. In the previously
presented model control [22], only bias value of PID control is
modified to compensate the feed forward control pass in both
steady and transient states. Reference is operated to suppress
the over/undershoot of output voltage only in the transient state.
On the other hand, not only the bias but also the reference of
PID control is modified in this paper. The name of presented
model is called the reference modification model. The digital
circuit configuration and algorithm of proposed model are sim-
ple compared with other model methods [23]-[25], and supe-
rior dynamic characteristics are obtained. Although the existing
static model senses the load current value, this paper discusses
two current-sensing methods. One is the output current-sensing
method using the sensing resistor, the other is the reactor current-
sensing method using the R—C filter [22], [26]. The second
method is able to reduce the performance loss of the sensing
resistor. At first, the configurations of proposed digitally con-
trolled dc—dc converter and its operation principle are described.
Next, the design criteria of control parameters are shown, and
performance characteristics are evaluated in both methods.
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Proposed digital controlled dc—dc converter by reactor current-sensing

As a result, the output current-sensing method is effective in
case that high-transient-response performance is required. On
the other hand, it is better to use the reactor current-sensing
method when efficiency is important. Therefore, the proposed
method using the output current-sensing method is useful to
realize the high-performance digital control circuit for de—dc
converter because it can satisfy requirements against both steady
and transient states.

II. OPERATION PRINCIPLE

Figs. 1 and 2 show the proposed digital controlled dc—dc con-
verter using the output current-sensing method and the reactor
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Fig. 3. Flowchart of proposed method by output current sensing.

current-sensing method. In Figs. 1 and 2, E; is the input voltage,
e, is the output voltage, R is the load resistance, L is the inductor,
C is the smoothing capacitor, D is the diode, T is the switch, R
and es are the sensing resistor to sense the output current ¢, and
its voltage, and R; and C| are, respectively, the filter’s resistor
and capacitor for the reactor current-sensing, respectively. In
the control unit against the output current-sensing method, ¢, is
sensed as feedback and E; and i, are sensed as feed forward.
On the other hand, in the reactor current-sensing method, the
reactor current iz, is sensed instead of 4,. i1, is sensed by measur-
ing the capacitor voltage e, from the R—C filter in parallel with
the power stage of inductor. Equation (1) shows the relational
equation between ey and i;, [22]

1+s-L/rg 1+s-71

Ei(s)=1Ip(s) -1 - —— 2L 1 e
p(s) =1p(s) 7L 55 R0, L(s) 7L T+s 1
ey

In (1), 71, and 7 expresses L/r;, and R;Cy, respectively.
When parameters of the filter are selected as 77, = 7/, the filter’s
capacitor voltage is equal to the product of the inductor’s internal
resistance ry, and iy,.

The proposed control circuit consists of A-D converters,
preamplifiers, the PID controller, the static model controller,
the reference modification controller, and the subtractor. At first,
the sensed voltages are converted to the digital value by A-D
converters and preamplifiers. The following equations show the
relational equation between the sensed voltage and its digital
value:

eo[n] = AcoGeoto = Gacoey 2)
Eiln| = Ap,GpiE; = Gap E; 3)
esln] = AesGes Ryt = Gaes Ry (4)
Ef[n] = AcfGesrpip = Gacprrir. (5)

In (2) through (5), e,[n] is the digital value for ¢, and A,
and G, are the circuit gains of the preamplifier and the A-D
converter to sense e,. E;[n] is the digital value for E; and Ag,
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value.

and G'p, are the circuit gains of the preamplifier and the A-D
converter to sense E;. e,[n] is the digital value for es, A, and
G., are the circuit gains of the preamplifier and the A-D con-
verter to sense e,. Similarly, E;[n] is the digital value for e; and
A., and G, are the circuit gains of the preamplifier and the A—
D converter to sense ey. Moreover, A., ,G.,, Ag,GE,, Ac, G, ,
and A., G, are unified to G4, 7GAE[ ,Ga, ,and Gy, - Te-
spectively. '

In the static model controller, the calculation result by the ex-
isting static model is sent to the reference modification controller
and the subtractor. The calculation equation of T}, . [n + 1]
is derived from the relational equation of the input—output
characteristic in the steady state [27]. Equations (6)—(9) are
the calculation equations of T}, ., [n + 1] against the output
current-sensing method and the reactor current-sensing method.
Equations (6) and (7) show equations against T}, [n + 1] of
the output current-sensing method

Nrs (EX +ra)

To’rLJnc[n + 1] = b + NBC (6)
2E*La
Ton,md[n + 1] = Nr; m + Npg. (7
o s
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Fig. 7. Experimental regulation characteristics of each control method.

Equations (8) and (9) show equations against T}, . [n + 1]
of the reactor current-sensing method

Nrs (B +rc)

Toanc[n + 1] = b + NB(: (8)
2E* Lc

Toan,, 1= N s — Npg. 9

aln+1] T b(b—Ej;)Ts+ Bi- 9

Equations (6) and (8) are the equation T, ,,.[n + 1] of con-
tinuous current mode (CCM), and (7) and (9) are the equa-
tion T, _ma[n + 1] of discontinuous current mode (DCM).
Ton_ma[n + 1] is equal to Ty, . [n + 1] in case of CCM, while
Ton _mz[n+ 1] is equal to Ty, _na[n + 1] in case of DCM. In
(6) through (9), E is the desired output voltage, T's and N, are
the switching period and its digital value, and r is the aggregate
loss resistance in the circuit. Ng. and Np, are the reference bias
of each current region. The index n denotes the nth switching
period. a, b, and c are the converted values to analog values;
they are, respectively, ,, E;, and i;, and are given as follows:

6 [n}
a= 7GA{3,,. R. (10)
Ei[n]
b= 11
G, (1)
Ey[n]
“= GAEJLTL' (12)

The equations of each current mode is switched by comparing
a and c to the critical current Ic as shown in Figs. 3 and 4. g and
c are regarded as CCM when they are larger than /c, and then,
(6) and (8) are used. On the other hand, a and ¢ are regarded as
DCM when they are smaller than /c, and then, (7) and (9) are
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Fig. 8. Transient characteristics by output current sensing. (a) Convergence
time for output voltage. (b) Undershoot for output voltage. (c) Overshoot for
output voltage. (d) Overshoot for reactor current.

used. T, _ma[n + 1] is subtracted as following equation by the
subtractor and the bias of PID control is controlled:
Ton [TL + 1] = Ton_mw [n + 1] - To’n,_c [Tl + 1] (13)
Ton[n + 1] is the digital value corresponding to the on time,
and T,,,_.[n + 1] is the calculation result by the PID control.
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Fig. 5 shows the operation characteristics of the proposed
method. Fig. 5(a) shows the operation characteristics for bias.
The dotted line shows the conventional PID control method,
and the solid line shows the proposed method. In the con-
ventional PID control method, the integral control regulates
¢,. On the other hand, the proposed method regulates e, be-
cause the bias is calculated for change of I, by the static
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Fig. 10. Influence of reactance moving average by output current sensing.
(a) Convergence time for output voltage. (b) Undershoot for output voltage.
(c) Overshoot for output voltage. (d) Overshoot for reactor current.

model. Therefore, since the proposed method is able to obtain
good regulation characteristics without depending on the inte-
gral control, the design of integral coefficient can be relatively
small.

In the PID controller, the following equation makes
Ton,c [n + 1]

Ton,c [TL + 1] = KP (ea [n] - NR,’m,,n+1)

+K; Y Npn+KpNp,.  (14)
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Fig. 11 Influence of reactance moving average by reactor current sensing.
(a) Convergence time for output voltage. (b) Undershoot for output voltage.
(c) Overshoot for output voltage. (d) Overshoot for reactor current.

In (14), Ny is the constant reference, XN ,, and Np are the
calculation result of integral control and differential control. Kp
is the proportional coefficient, K7 is the integral coefficient, and
Kp is the differential coefficient. Ny ,, is the reference in the
proportional control; it is a constant value (Nr) in the steady
state. On the other hand, Ni_,, is modified as shown in the
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following equation only in the transient state:

NRJn,nJrl :Ton,mz[n+]-] _k(eo[n] _NR) (15)

In (15), the control coefficient k determines the amplitude of
Np_n . Fig. 5(b) shows the operation characteristics of Np_,,
based on Figs. 3 and 4. In Figs. 3 and 4, |Ae, [n]| is the absolute
value—difference between e,[n] and Ny —is divided by N and
multiplied by 100 to indicate the percentage. Ny _,, is calculated
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Fig. 13. Influence of reactance L in model by reactor current sensing.
(a) Convergence time for output voltage. (b) Undershoot for output voltage.
(c) Overshoot for output voltage. (d) Overshoot for reactor current.

by (15) when |Ae,[n]| is larger than voltage threshold (VT),
and the modification is terminated when the first undershoot
de,[n]_under of e,[n] has reached the maximum value. In this
case, amoving average method is applied for | Ae, [1]| in order to
avoid the false operation by a noise; it is dependent on a sample
number N. The other filter has a relatively long calculation time.
The calculation of moving average method is a very simple, and
the calculation time is very short. In any other case, Ny _, is
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Npg. In other words, k changes Kp in the transient state because
the following approximate equation is obtained by substituting
(15) into (14):

Toncln+1] = Kp (1+k)(e,[n] — Ng)

+ K1Y Niw+KpNp,,  (16)

Tonln+1
Ton,n-&-l = <0[]> Ts. (17

Nr,

III. PERFORMANCE CHARACTERISTICS

Therefore, the ripple of e[ is integrated by the low-pass filter
in the preamplifier; the averaged reactor current [y is used in
the static model. The cutoff frequency f,. of the low-pass filter
is 26 Hz to suppress the ripple of reactor current i;, completely.

Fig. 6 shows the comparison of performance loss against each
current-sensing method. The loss of about 1% occurs because
R, is 0.05 €2 in the output current-sensing method. On the other
hand, since the R—C filter senses i, in order to decrease the loss.
Since Ry of R-C filter is 94.6 k{2, the loss is about 0.048%.
Thus, the loss is relatively low about 95% as compared to the
output current-sensing method.

Fig. 7 shows the experimental result for regulation character-
istics of each control method against the change of 1,. E; is set
to 20 V. The coefficients in (14) are Kp =4 and Kp = 4. In
case of converting these coefficients to a proportional sensitiv-
ity Hp and a differential sensitivity Hp by [19], Hp = 0.2 V!
and Hp = 2 'V /s. The good regulation characteristic is easily
obtained because the static model operates as the feed forward
against the change of ,. As a result, the proposed method has
no steady-state error even when Ky is 0.0008. In this case, an
integral sensitivity H; is equal to H; = 4 s~' - V~!. However,
in the conventional PID control method, the regulation range for
e, is impractical in the case of K; = 0.0008(H; = 4). Then,
K; over 0.016(H; = 80) is necessary to regulate e, under the
same condition of Kp and Kp . Therefore, the proposed method
is able to design K; of 1/20th against the conventional PID
control method.

Next, some parameters of model equations through (6) to (9)
will be discussed.

Fig. 8 shows the transient characteristics of the output current-
sensing method for k in case of taking R, as a parameter. R,
is the load before the step change. In this case, R, changes
to 10, 25, and 100 €2 as the parameter, and the load R, after
the step change is set to 5 §2. The value 5 €2 corresponds to
the rated value of dc—dc converter, and the values less than 50
and 100 Q2 correspond to CCM and DCM, respectively. In Fig.
8(a)—(d), the filled circle shows the experimental result from
R, =100 W to R; =5 W; itis nearly equal to the simulated
result. Kp = Kp =4, VT = 0.5% and N = 3.

In Fig. 8, the evaluation item is ., 0¢,_unders 9€o_overs and
OiL _over- ey 18 the duration time until e, is converged within
+1%. de,_under and de,_over are the undershoot and the over-
shoot values for e,. di;_,ver 1S the overshoot value for iy . In
Fig. 8(a)—(d), each characteristics are improved as k gets larger.
Furthermore, the effective range against k becomes narrow as
R, gets larger in Fig. 8(a), (c), and (d); K more than 10 has a neg-
ative impact on them in terms of R, = 100 2. As a result, the
proposed method by the output current-sensing method is able
to suppress the transient characteristics against various widths
of the load for the step change in case of £ = 10. In case of the
transient state, the relational equation for Hp is different from
the one in [28], because the reference in P control is modify by
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(15). The following equation shows the relational equation of
Hp for the proposed method in the transient state

KP(l + k)Aeu Gl‘«o
Np ’

s

Hp = (18)

Therefore, Hp is equal to Hp = 2.2 V-1 in the transient
state.
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Fig. 9 shows the transient characteristics of the reactor
current-sensing method for k in case of taking R, as a parameter.
In this case, R, changes to 10, 25, and 100 2 as the parame-
ter. The load after the step change is set to 5 ). The ffour
filled points are the experimental results from R, = 100 2 to
Ry =51(; it is nearly equal to the simulated result. In Fig.
9(a)~(d), Kp = Kp =4, VT = 0.5%, and N = 3. In Fig. 9,
the evaluation item iS 7.,, 9€,_unders 0€o_over, and dif_oyer. In
Fig. 9(a)—(d), k which can be most suppressed each characteris-
tics becomes large as R, get larger. These results are dependent
on the integral effect by the low-pass filter for c. Therefore, the
optimum values of k against the step changes from 10, 25, and
100 Q are 1, 8, and 30, respectively. Furthermore, each pro-
portional sensitivity Hp is 0.4, 1.8, and 6.2 AV respectively.
In the reactor current-sensing method, the optimum value of k
is different to the output current-sensing method. The transient
response of sensing value of reactor current is slow because
the reactor current-sensing method has a low cutoff frequency
26 Hz filter in the preamplifier. In this method, the transient
response of Ng 1 becomes slow. Therefore, as mentioned
earlier, the large value of kis set to increase N, 1 extremely
like £ = 30 in (15). The different values of k are selected to sup-
press the convergence time ., perfectly; in general, k = 20 is
also selected in both methods to suppress all parameters evenly
in these figures.

Figs. 10 and 11 show the influence of moving average. Step
change of load is from 100 €2 in DCM to 5 2 in CCM. The ten-
dency of experimental results is similar to that of simulated re-
sults. In these figures, it is revealed that N = 3 is suitable in both
within two methods from the results of transient characteristics.

Figs. 12-15 show the influence of reactance L, ESR r; of
reactor and sensing resistor R, in the model. Generally, the mea-
surement error of reactance L, ESR ry of reactor and sensing
resistor R, are within several percents. Therefore, the afore-
mentioned result suggests that both model methods promise to
present accurate results. Although 7., becomes relatively large
when the error of reactance L in the model exceeds +5%, the
other characteristics are kept within £10% change of L in the
model.

In the output current-sensing method, the influence of error
R, in the model is discussed in Fig. 14. Step change of load
is from 100 2 in DCM to 5 € in CCM. It is seen that R,
does not affect 7., within £5% R, error in the model. The
change of characteristics of de,_under> 0€o_over, and §if,_gyey are
suppressed within £10% R, error in the model. As shown in
Fig. 15, the tendency of all the parameters is similar to Figs. 12—
14. As a result, the experimental results are broadly consistent
with simulated results and the proposed method works well
within £5% error in both methods.

Figs. 16 and 17 show the simulated and the experimental
transient characteristics from 100 € (50 mA) in DCM to 5 €2
(1 A) in CCM by the conventional PID control method. In these
figures, Figs. (a) and (b) correspond to the output voltage e,
and reactor current iy, respectively. In this case, the coefficients
in (14) are Kp = 4, K; = 0.016, and Kp = 4. The output
voltage e, and reactor current i, are normalized by the desired
voltage ) and the rated output current I in these figures. In
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Fig. 16.  Simulated results of conventional PID control method. (a) Output voltage. (b) Reactor current.
Fig. 17.  Experimental results of conventional PID control method. (a) Output voltage. (b) Reactor current.

Fig. 16, 1., is 6.7 ms, de,_under 18 8.0%, and diy_qye, 1S 82.7%.
In Fig. 17, t., is 6.4 ms and de,_ynder and dig_oyer are 7.6%
and 80.4%, respectively. As a result, the conventional PID
control method has limitations in order to improve sufficiently
the transient characteristics.

Figs. 18 and 19 show the simulated and the experimental
transient characteristics from 100 2 in DCM to 5 2 in CCM by
the proposed method using the output current-sensing method.
Each figure is included for e,, iz, Nron_mas NR_m> NTon_c»
and T,, [n]. Not only e, and i; but also Nron_maz> Nr_m,
Nron_c, and T,, [n] are normalized by T;[n]. Ts[n] is fixed to
2000 for simple calculation although the number of bits of A-D
converter is 11. In this case, Kp is equal to 4, K is 0.0008,
Kp is4, VT is 0.5%, and N is 3. These experimental results
are obtained under the condition of the filled circle at k = 10 in
Fig. 8. In Fig. 18, t,, is 0.09 ms, de,_ynder 1S 1.2%, and §if,_gyer
(7), and N7, _. has greatly changed because Ny _,, is modified
when the step change for R. In other words, Kp changes from
4 (Hp =0.2) to 44 (Hp = 2.2) only when (15) is used. There-
fore, a large T,,, [n] is obtained at the moment the step change
for load ocurs, and the on time 7,,, becomes long to cancel the
deviation by the step change for R. In Fig. 19, ., is 0.12 ms
and de,_under and diy,_over are 1.3% and 21.6%, respectively.
Experimental results have also superior transient characteristics
because calculation values similar to the simulated results.
Compared to the conventional PID control method, ., is
improved about 98% and de,_ynqer and dif_oyver are improved
relatively about 84% and 73%, respectively. As a result, al-

though the proposed method by output current-sensing method
has the performance loss of about 1%, it is able to obtain the
superior transient characteristics without changing the control
parameter k.

Figs. 20 and 21 show the simulated and the experimental
transient characteristics from 100 2 in DCM to 5 €2 in CCM by
the proposed method using the reactor current-sensing method.
Each figure is included for e,, iz, N7on _mzs NR_m»> NTon_c, and
T, [n]. The coefficients in (14), VT, and N are the same as given
earlier. These experimental results are obtained when the filled
circle is kK = 30 in Fig. 9. In Fig. 18, t., is 0.2 ms, de,_under 18
2.1%, and iy _gyer 18 69.7%. Although Ny, ., changes based
on (8) and (9), it shows gradual changes as compared to the
output current-sensing method by the integral effect of the low-
pass filter for c¢. Therefore, Nr,,_. has to depend on relatively
large kin Np_,,, in order to improve the transient characteristics,
which is equal to variation Kp from4 (Hp = 0.2)to 124 (Hp =
6.2) only when (15) is used. Therefore, 7,,, [n] is calculated to
a large value at the moment the step change for load occurs;
it controls T,,, to improve the transient characteristics. In this
case, the overshoot of reactor current is reduced to less than 60%
when the smoothing capacitor doubles. In Fig. 21, 7., is 0.3 ms
and de,_ynder and dig_over are 1.6% and 63.6%, respectively.
The experimental results are nearly equivalent to the simulated
results. Compared to the conventional PID control method, ¢,
is improved about 96% and de,,_yyder and dif,_oyer are improved
relatively about 76% and 18%.

In the application for the pulse load, from almost no load
(50 mA) to the full load (1 A), the convergence time of output
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maximum frequency of pulse load step is about 11 Hz and the
minimum pulse widths are 10 and 80 ms, respectively. When
the frequency of pulse step exceeds 11 Hz, the output voltage
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Fig. 21. Experimental results of proposed method by reactor current sensing.

Simulated results of proposed method by reactor current sensing.

Fig. 20.
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does not converge to the steady state because the next pulse step
occurs.

The parameter variations are investigated in Figs. 18-21.
Even if the internal resistor » and the output capacitor C vary
within 10%, the undershoot of output voltage and overshoot
of reactor current are almost the same. The convergence time
becomes 10 to 20 times of the designed value because the con-
vergence time is defined when the output voltage converges to
1% of desired output voltage. When the convergence time is de-
fined as the time when the output voltage converges to 2% of the
desired output voltage, there is no difference in the convergence
time.

We focus on the undershoot of output voltage and the over-
shoot of reactor current in this paper. The presented method
achieves the small undershoot of output voltage and the sup-
pressed overshoot of reactor current compared with not only
the PID control method but also the adaptive control method in
[29]-[32]. However, the underdamped oscillation still exists.

To suppress the underdamped oscillation, the proposed
method has the possibility to combine the adaptive control
method published in [30]-[32].

As aresult, in the proposed method by reactor current-sensing
method, although the integral effect of the low-pass filter has an
impact on the transient characteristics, the performance loss is
very small.

Therefore, the output current-sensing method is effective in
case high-transient-response performance is required. On the
other hand, it is better to use the reactor current-sensing method
when the efficiency is important.

IV. CONCLUSION

The proposed method is able to improve transient charac-
teristics because it modifies the reference of conventional PID
control method against the change of output voltage. This pa-
per discusses two current-sensing methods for the proposed
method. In the output current-sensing method, it is confirmed
that the undershoot of output voltage and the overshoot of reac-
tor current are improved by about 84% and 73% as compared
to the conventional PID control method against the step change
from DCM to CCM. In the reactor current-sensing method, the
undershoot of output voltage and the overshoot of reactor cur-
rent are improved by about 76% and 18% without sacrificing the
performance loss. As aresult, the output current-sensing method
is effective in case that high-transient-response performance is
required. On the other hand, it is better to use the reactor current-
sensing method when the efficiency is important. Although the
proposed method improved the undershoot of output voltage
and the overshoot of reactor current compared with not only
the PID control method but also the adaptive control method,
the underdamped oscillation still exists. The proposed method
has the possibility to combine the adaptive control method for
the suppression of the underdamped oscillation. We will present
a new superior model control combined with the adaptive con-
trol to regulate the output voltage under the all-around load and
input voltage conditions in the near future.
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