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Abstract— This paper proposes current control method
for DCM to achieve same control performance as CCM. The
proposed control loop is designed based on the conventional
current control loop in CCM. By using only one PI
controller and introduction of two correction factors, the
proposed control method can control both CCM and DCM
current exactly to design values. In this paper, the operation
of the proposed control method is confirmed by simulation
and experiment. The simulation results of the current
response in both CCM and DCM agree with design values.
In the experimental results, due to the delay in feedback,
error 11.3% in rise time and error 2.5 point in overshoot
occur. Furthermore, the voltage regulation experiment with
the proposed current controller as a inner control loop is
conducted. As load varies, the recovery time for the output
voltage regulation is about 20 ms and the overshoot —
undershoot voltage is below 3%.

I. INTRODUCTION

The research in electric power conversion has grown
rapidly in recent years due to energy crisis. DC-DC
converters present in most power conversion systems or
devices such as: fuel cell systems in mobile devices [1],
photovoltaic(PV) systems [2], lithium-ion battery in
hybrid vehicles (HEVs) [3][4], smart power system for
servers [5], e.t.c. Because the minimization of those DC-
DC converters not only increases the mobility of mobile
devices but also simplifies the layout for PV systems or
battery systems in HEVs, many studies have focused on
shrinking the DC-DC converter circuit as much as
possible. Besides, passive components such as inductors
and capacitors account for the majority of the volume of
DC-DC converters, so the miniaturization of these
passive components leads to compact DC-DC converter
generation. One of methods to minimize these passive
components is to switch the circuit at high frequency [6].
However, switching at high frequency leads to the
increase of frequency-dependent losses such as switching
loss in MOSFET or recovery loss in diode [7]. The
increase of conversion loss accounts for larger cooling
sink, and this makes the minimization of DC-DC
converters further difficult. In order to eliminate the
increase of loss when switching at high frequency, the
concept of resonant converters has been proposed [8].
Some researchers have introduced DC-DC converters
operating at frequencies of hundreds of MHz, while
maintaining the power conversion efficiency high [9][10].
However, in those resonant converter, because switch's

= mmR []

Fig. 1. A unidirectional boost converter
DCM

Feedforward
trol
Contro ! d+ SW
- CCM T >
*4
Vou'ai Votltaﬁe IR Current r
— |controller - 1AM

controller

Vout |
Carrier

Fig. 2. Conventional CCM/DCM control method.

duty is limited in narrow range, the problems such as the
uncontrollability of output voltage or the overheat when
resonant converter operates in boot mode [11], are
difficult to be solved. This Ilimits the practical
applications for resonant converters. On the other hand,
the minimization of the inductor can be accomplished by
the utility of Discontinuous Current Mode (DCM).

Fig. 1 shows a unidirectional boost converter which is
generally applied in PV system to regulate the output
voltage while preventing the power from flowing back
into the input side. When the inductor is minimized, the
ripple of the input current becomes higher, and this leads
to the discontinuity of input current. This can be
understood that only a small amount of energy can be
stored in a minimized inductor, so all stored energy in
inductor will be released before a new switching period
begins. In order to design controller for DCM similar to
the conventional Continuous Current Mode (CCM),
many researches have been conducted [12][13][14], but a
specific method to accomplish this has not been discussed.

Furthermore, the inductor current alternates between
CCM and DCM depending on the variation of the load,
and this likely leads to the unstable operation of the
converter. Many CCM/DCM control methods have been
studied in past years to deal with the nonlinearity in DCM,
such as Adaptive Tuning method [15], Bi-frequency
Pulse-Train Control technique [16], Peak Current Mode
Bifrequency Control Technique [17], Current-Mode



Synthetic Control Technique [18], Switching-Frequency
Control [19], e.t.c [20][21][22]. However, those control
methods either lead to the complication of the control
system, or the increase in cost for the auxiliary circuit
such as the variable frequency pulse generator.

Fig. 2 shows a conventional control system which
composes of an Automatic Voltage Regulator (AVR) and
two Automatic Current Regulators (ACR) [23]. Many
designers prefer to utilize PI controller for both AVR and
ACR because of its simple design. In conventional
inductor current PI control method, the Pl parameters for
CCM can be designed simply based on the linear CCM
transfer function. On the other hand, due to the nonlinear
characteristic of the DCM transfer function, the current
control loop in DCM is designed based on the reduced-
order model [12][23]. This leads to the feed forward
current control in DCM. As a result, the DCM current
response cannot be controlled as same as the CCM
current response. In this case, DCM current control is
effective in only critical conditions.

This paper proposes a control method in which only
one PI controller is necessary to regulate both CCM and
DCM. By introduction two correction factors into the
conventional inner current control loop in CCM, the
current response of DCM is controlled exactly to that of
CCM. Besides, it is not necessary to detect the current
mode. In this paper, first, the principle of the proposed
CCM-DCM control method is described. Second, the
introduction of two correction factors apcm and Kpeym are
described. Then, the transition between CCM and DCM
is explained. Finally, the operation of the boost converter
which the proposed control method is applied, is
confirmed by simulation and experiment.

Il. PROPOSED CCM-DCM CONTROL SCHEME

A. Conventional inner current loop design in CCM

Fig. 3 shows typical boost converter configuration.
The average small sighal modeling technique is used to
model the boost converter for the inner current control
loop design [6]. In this chapter, the output voltage is
assumed to be constant, because the response of the
inductor current is much higher than that of the output
voltage in ACR design step.

Fig. 4 shows inductor current waveform in DCM,
where d and d’ denote the duty ratio of the first and the
second interval respectively. Equation based on the
average model of the boost converter in CCM and DCM
is given by (1),

L(L_ItL =dV, +d'(V,, =V ) oo, (1)

where V;, is the input voltage, V. is the output voltage,
i, is the average inductor current during a switching

period Tg,, and L is the inductance. In case of CCM, the
relationship between d and d’ is given by (2).

d+d =1 )
Substituting (2) into (1), (3) is obtained.
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Here, the averaged control to inductor current transfer
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Fig. 3. Typical boost converter configuration in ACR design
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function in CCM is given by (4),
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Fig. 5 shows ACR-CCM designed based on (3) and (4).
The integral period T; and proportional gain K, of Plcem
controller are designed based on the second-order

standard form (5),
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where w, is the natural angular frequency, (is the
damping factor, and both of which are designed to
achieve the desired inductor current response. The closed
loop transfer function of ACR-CCM is derived by (6).

Gan—order—deIay(s) =
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In order to make the design of PI parameters simple, a
low pass filter whose role is to filter the command
currenti, " is necessary for matching (5) and (6).
However, a low pass filter is not essentially needed.
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Fig. 7. Configuration of the proposed CCM/DCM current controller.

Using a low pass filter depends on designers. The Pl
parameters are then obtained by matching (5) and (6).

Ky = 280, L oo )
T =2 (8)
,

B. Small signal modeling in DCM

In case of DCM, the relationship between d and d’ is
given by (9).

In order to derive the averaged control to inductor current
transfer function in DCM, it is necessary to represent the
second interval d’in Fig. 4 as a function of the first
interval d. Based on [12] and the waveform shown in

Fig. 4, this can be done as follow

where i is the inductor peak current during a switching
period Tg,. Neglect the voltage drop by the switch, the
voltage across the inductor during the first interval d can
be assumed as V;,. The inductor peak current can be
written as

Substituting (11) into (10) and solving the resulting
equation for d’ yields

d'= di“\; e (12)
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Substituting (12) into (1), (13) is obtained.
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In case of DCM, the averaged control to inductor
current transfer function in DCM cannot be derived
simply from (13) because of its nonlinearity compared to
(3). Therefore, (13) is linearized at steady point, then the
averaged control to inductor current transfer function in
DCM can be derived by linearized equation (14)

GDCM (S) = iL (S) = V_ 2

= L —
d (S) S+ 2 (Vout /Vln 1)V0ut
2L1,T,,

out

where i_is the small signal of inductor current, d is the
small signal of duty, I is the value of the inductor current
at steady point. Eq. (14) indicates that not only the gain
of the DCM transfer function differs from that of the

CCM transfer function, but also the control target
changes from the full values i, and d in CCM into the

small values i, and d in DCM. Therefore, in order to

achieve the DCM current control by the conventional
CCM-ACR, hoth the control gain and the control target
of the Plccym controller needs to be modified. The
modification of control target and control gain is
achieved by introducing two corrector factors apcy and
Kpewm into conventional current control loop in CCM.

C. Proposed CCM/DCM current control loop

1) Derivation of the first correction factor apcu

The modification of the control target from CCM to
DCM s achieved by compensating the output of the
CCM feedforward part using the correction factor apcwy
that given in (16) [22]. The procedure to calculate this
correction factor apcy is as follows.

When considering the control system in z-domain, the

control target of DCM d [n]is given by

d[n] =d[n]=d[N =1 e oveeeeeeeeeerecee e (15)

where d[n] is the output duty to control inductor current,
d[n-1] is the value of the duty in one sampling period
before. Eq. (15) indicates that, the output duty is the sum
between the value of the duty in one sampling period
before and the difference duty controlled by the PI
controller in DCM.

Fig. 6 shows the proposed DCM current control loop.
The objective to change Fig. 5 into Fig. 6, is achieved by
multiplying the output of the CCM feedforward part with
the correction factor apcem.

Vout _
VA L1 | [T (16)

out ~ Vin

Apen [N]=

2) Derivation of the second correction factor Kpcy

The modification of the control gain from CCM to
DCM s achieved by compensating the output of the
Plccm Using the correction factor Kpcy that given by (21).
The procedure to calculate this correction factor Kpey is
as follows.

The discretized control gains (17), (18) are obtained by
discretizing (4) and (14) in sampling period Tg,. Note that
the sampling period equals to the switching period.

V,
IGeeum (2)|= % ......................................... 17)
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In order to change the control gain from |Gcem(2)| to



|Goem(2)], a correction factor Kpey is multiplied with the
output of the Plccy controller. Kpey is given by (19).

|GCCM (Z)| (\% t/V' -1V, t! sw
= = out__1n QS 19
e |GDCM (Z)| 2LIL 49

The Kpem in (19) is simplified by using the equation of I,
at steady state as below [12]. Note that (20) is obtained

by simply let the inductor current differential part % in

(13) be zero.

2 — N
| =i -g= MV (20)
2(\/out _Vin)L
Substituting (20) into (19), Kpcwm is also given by (21).
V.. -V 1
K nN=— 0 21
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Fig. 7 shows the proposed CCM-DCM current control
loop, which controls both CCM and DCM by using only
one Plccm and two correction factors apcv and Kpew.

Table | shows the values of two correction factors in
case of CCM and DCM.

D. Transition between CCM and DCM

As mentioned above, the proposed control method can
achieve both CCM and DCM control without detect the
inductor current. The approach for this can be explained
as follow. From Table | , both correction factors apcm
and Kpcm have to be set to 1 when the circuit operates in
CCM and be set to (16) , (21) respectively in DCM.

Fig. 8 shows two correction factors apcm and Kpey as
functions of duty d. Let consider the transition of apcm
first. As shown in Fig. 8, the transition point falls right
into the boundary between CCM and DCM, which means
apcw can trade between CCM value and DCM value
without detecting the circuit operating mode. This can be
explained as when the circuit operates in CCM , the duty
d follows as

d= Vout -Vi

R T (22)

out
Neglect the parasitic characteristic of switch and diode,
(22) is always established whenever the circuit operates
in CCM. Substituting (22) into (16), it is understood that
apcwm 1S set to 1 because of the steady operation of CCM.
On the other hand, as shown in Fig. 8, Kpcy do not
change into 1 automatically when the circuit has already
switched from DCM to CCM. However, because apcm
can change states automatically, the transition of Kpcy is
accomplished by observing the value of apcy. TO be
specific, whenever apcy becomes 1, Kpey is also set to 1,
otherwise Kpcy follows as (21). Because apcyu can trade
values between CCM and DCM without detecting current
mode, the transition of Kpcym based on apcy state is also
accomplished without sensing which mode the circuit is
operating.

I11. SIMULATION RESULTS

Simulation are carried out to verify the proposed
CCM/DCM control method.

Fig. 9 shows the simulation system. The switching
device in the upper arm SW; is used when the boost

TABLE |
VALUES OF TWO CORRECTION FACTOR IN CCM AND DCM

Current Mode CCM DCM
opcm 1 Voud[N-11/(Vou-Vin)
KDCM 1 (Vout'vin)/(vind[n'l])
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Fig. 9. Boost converter for ACR Simulation and Experiment.
TABLE Il
SIMULATION AND EXPERIMENTAL PARAMETERS

Input voltage Vi, 70V
Output voltage Vout 100 V
Rated output power Py 56 W
Boost chopper inductor L 360 uH
Switching frequency fq, 20 kHz
Sampling frequency feamp 20 kHz

Damping factor 0.7

ACR )
Natural angﬂaééreq”ency @n | 2500/3000/3500 rad/s

converter operates in CCM. When the DCM operation is
tested, the switch SW; is always kept at off-state.

Table Il lists the system parameters and ratings. In
order to avoid the appearance of the delay time in
feedback, the sampling of the average inductor current is
achieved by simply taking advantage of the periodic
average block in simulator.

Fig. 10 shows the simulation results of the step
response. Fig. 10(a) and Fig. 10(b) show the current
waveform of CCM and DCM respectively. Fig. 10(c)
shows the step response of the average inductor current in
both CCM and DCM. It can be concluded from Fig. 10(c)
that the DCM current response is the same as the CCM
current response. In order to verify the operation of the
proposed CCM-DCM control method in many cases, the
measurement of the overshoot and the rise time of the
current response are conducted while varying the natural
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Fig. 10. Simulation results of step response.
frequency of the Plccy controller.

Fig. 11 shows the overshoot and the rise time of the
current response in simulation while varying the natural
frequency of the Plccy controller. It is confirmed that the
rise time and the overshoot of both CCM and DCM
current are agreed with the design values.

IV. EXPERIMENTAL RESULTS

The experimental conditions are the same as those of
the simulation as shown in Table Il. In experiment, the
average inductor current is sampled by using a Low Pass
Filter (LPF) with cutoff frequency of 2 kHz. Note that the
switch SW; is always kept at off-state in case of DCM.

Fig. 12 and Fig.13 show the experimental step
response of the inductor current response at @, = 3000
rad/s and o, = 3500 rad/s, respectively. Both the inductor
current and the average values of the inductor current in
CCM and DCM are demonstrated in same waveform.
There is a slight difference in the shape of the current
response between CCM and DCM. This difference can be
explained as follows. The state of SW; is different
between CCM and DCM. As a result, the on-resistance in
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Fig. 11. Rise time and overshoot of the current response
in simulation.

MOSFET and the voltage drop by diode change the shape
of the current response.

Fig. 14 shows the overshoot and the rise time of the
current response in experiment while varying the natural
frequency of the Plccy controller. There are errors
between CCM/DCM current response and the design
values. In the rise time results, the maximum error is
11.3%, while it is 2.5 point in the overshoot results. It can
be seen from Fig. 13 that in both CCM response and
DCM response, the experimental results of the rise time
tend to become smaller than the design values, while the
experimental results of the overshoot tend to become
higher than design values. This error tendency can be
explained as follows. When a LPF is used to obtain the
average values of any signal, the time constant in LPF
becomes the delay time between the input and output of
LPF. This delay time increases the total delay time in the
feedback of the controller. As a result, the rise time of the
system response becomes shorter, while the overshoot
becomes higher than the design values. Next step is to
confirm the validity of the proposed CCM/DCM current
controller in the output voltage regulation system.

Fig. 15 shows the boost converter whose the output
voltage needs to be regulated for proper operation . Note
that the upper switch is changed into a diode in order to
let the circuit operate in DCM at light load. This also
prevents the current flowing back into the source, which
damages the source in such PV systems. Besides, the Pl
parameters in AVR are as follows

Ky = 280,C oo (23)
T =2 (24)
,

Table Il lists the system parameters and ratings in
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(b) DCM current waveform and average current response.
Fig. 12. Experimental results of step response
(wn =3000 rad/s )
AVR experiment. Note that the natural angular frequency
in AVR should be designed smaller at least 10 times than
that of ACR in order to achieve the stable operation of
the control system.

Fig. 16 shows the experiment results of load transient
response between CCM (heavy load) and DCM(light
load). Fig. 16(a) shows the output voltage response and
the input current response when load varies from 40% in
DCM to 100% in CCM. The recovery time for the output
voltage regulation is about 20 ms and the undershoot
voltage is 2 V, which is below 3% of the output voltage.
Fig. 16(b) shows the output voltage response and the
input current response when load varies from 100% in
CCM to 40% in DCM. The recovery time for the output
voltage regulation is about 20 ms and the overshoot
voltage is 2 V, which is below 3% of the output voltage.
There are two things needs to be noted in Fig. 16. First,
when load varies the input voltage also slightly changes.
In the experiment, a three-phase diode bridge rectifier and
an input side smoothing capacitor are applied as the
voltage source, so when the load varies, the voltage drop
by the diode bridge and the smoothing capacitor also
changes. This results in the variation of the input voltage
when the load varies. Second, the input current quite
oscillates not only in DCM but also in CCM. This is
explained that, the accuracy of the average input current
sampling mainly depends on three factors: the ripple of
the input current, the speed of the D/A converter, and the
time constant of LPF. According with the minimization
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of the boost chopper inductor, the ripple current becomes
higher. The average value of the input current needs to be
sampled in order to achieve the proper operation of ACR.
Therefore, a LPF is applied in order to obtain average
value of the input current. However, this LPF introduces
a considerable delay time into the feedback, while the
mismatch in each sampling point in the D/A converter
lead to the feedback into ACR is just a delayed value of
the actual current. This results in the oscillation of the
input current. However, in both cases, the output voltage
is regulated at the command. On the other hand, in order
to avoid the oscillation of duty in CCM which might
cause the current mode determination inaccuracy, instead
of comparing with 1, apcy is compared with 0.9 to
determine the state of Kpem This achieves the
CCM/DCM current control without detecting the input
current or the parameters of the boost converter circuit.

Fig. 17 shows the experiment results of load transient
at light load. Fig. 17(a)(b) shows the output voltage
response and the input current response when load varies
from 20% in DCM to 40% in CCM and vice versa. The
recovery time for the output voltage regulation is about
15 ms and the overshoot voltage is least than 1 V, which
is below 2% of the output voltage. Both Fig. 16 and Fig.
17 confirm the validity of the proposed CCM/DCM
current control method.

V. CONCLUSION

In this paper, a control method for both CCM and
DCM was proposed. In the proposed method, the control
of CCM and DCM current is achieved by using only one
P1 controller and introduction of two correction factors.
Besides, the CCM/DCM current control can be achieved
without sensing the input current or any circuit
parameters. Therefore, the simplification of the
CCM/DCM control system is possible. The validity of
the proposed current control is confirmed by both
simulation and experiment.

Future works will be focused on designing the
minimized inductor and evaluating the conversion
efficiency.
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