
This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

IEEE TRANSACTIONS ON CONTROL SYSTEMS TECHNOLOGY 1

Switching Control of Buck Converter Based on Energy Conservation Principle
L. Wang, Q. H. Wu, Fellow, IEEE, Y. K. Tao, and W. H. Tang, Senior Member, IEEE

Abstract� This brief presents a switching control
scheme (SCS) based on the energy conservation principle
for buck converters. The concept of the SCS is based on the
conservation of energy in circuit. It keeps the balance between
the energy that is injected into a circuit and the sum of the
energy that is consumed by the load and stored in reactive
components. The SCS not only regulates the output voltage of
the buck converter accurately under static conditions, but also
improves its dynamic responses to disturbances of input voltage
and load current. Furthermore, the SCS is capable of operating
in both the continuous current mode and the discontinuous
current mode, and the stability analysis undertaken using
the Lyapunov stability criterion shows that the SCS is stable
in all cases. Simulation and experimental results con�rm the
possibility and attractiveness of using this method to control
buck converters.

Index Terms� Buck converter, dynamic response, energy
conservation principle, stability analysis, switching control.

I. INTRODUCTION

W ITH the development of microelectronics and
power electronics, dc�dc converters are widely used.

In addition, as the voltage regulation criteria for digital
circuit�s supply voltage become more stringent, there is an
increasing demand for high dynamic performance power
converters. Until now, PID controllers are still one of the most
commonly used control methods for converters. However,
the PID control systems suffer from the limitations of
slow compensator networks, which lead to poor dynamic
performances of converters [1].

As control methods play an important role on improv-
ing the dynamic performance of converters, various control
methods have been proposed to provide improved dynamic
performances. The hysteresis control, as presented in [2]�[4],
provides fast dynamic responses, since the conventional
feedback compensation network is removed. However, the
drawbacks of this method are its variable switching frequency
and nonzero steady-state error. Sliding-mode control (SMC)

Manuscript received July 15, 2015; accepted November 21, 2015.
Manuscript received in �nal form November 25, 2015. This work was
supported in part by the Guangdong Innovative Research Team Program,
China, under Grant 201001N0104744201 and in part by the State Key
Program of National Natural Science of China under Grant 51437006.
Recommended by Associate Editor Q.-C. Zhong. (Corresponding author:
Q. H. Wu.)

L. Wang, Y. K. Tao, and W. H. Tang are with the School of Electric Power
Engineering, South China University of Technology, Guangzhou 510641,
China (e-mail: w.lei19@mail.scut.edu.cn; taoyukun@mail.scut.edu.cn;
wenhutang@scut.edu.cn).

Q. H. Wu is with the School of Electric Power Engineering, South China
University of Technology, Guangzhou 510641, China, and also with the
Department of Electrical Engineering and Electronics, University of Liverpool,
Liverpool L69 3GJ, U.K. (e-mail: wuqh@scut.edu.cn).

Color versions of one or more of the �gures in this paper are available
online at http://ieeexplore.ieee.org.

Digital Object Identi�er 10.1109/TCST.2015.2505625

is one of the effective non-linear robust control approaches,
since it provides system dynamics with an invariance property
to uncertainties once the system dynamics are controlled in the
sliding mode [5]�[7]. However, there are some problems to be
solved, such as chattering phenomena and nonconstant switch-
ing frequency, when conventional SMC is used in the power
converters. As another typical nonlinear control strategy, the
one-cycle control (OCC) has been studied for decades [8], [9].
While its inhibitory capability to variations of input voltage is
satisfactory, the inhibitory capability to load changes is still
poor. Recently, in [10]�[12], a control algorithm based on the
principle of capacitor charge balance has been studied for
dc�dc converters to achieve optimal dynamic performance
under load current changes. However, the accurate calculation
of the duty-ratio required by this control algorithm is dif�cult
to achieve.

An ideal buck controller would behave linearly during
steady-state conditions for tight voltage regulation and non-
linearly during transient conditions for fast response. It is
demonstrated in [12]�[14] that by employing two separate con-
trollers for steady-state operation and for transient operation,
the dynamic response can be improved while not sacri�cing
the steady-state accuracy. However, the accurate detection
of the time when disturbances occur is not easy. In [15],
a hybrid mode-switched control scheme that uses energy
balance principle to calculate the reference voltage and current
has been proposed for dc�dc converters. With this scheme, the
dynamic performances of the converters are improved. How-
ever, the main drawback of this scheme is that it is designed
based on working in DCM. Under CCM, the reference current
is dif�cult to calculate, since not all the energy stored by the
inductor is transferred to the load in one switching cycle.

In our research, an SCS based on the energy conserva-
tion principle is proposed to control buck converters. This
brief is organized as follows. In Section II, the SCS is
designed. Section III illustrates the implementation procedures
of the SCS, including the computation of the energy that
the inductor stores. The stability analysis of the SCS is
studied in Section IV, and the dynamic response is analyzed in
Section V. Simulation and experimental results are presented in
Section VI, and the conclusions are presented in Section VII.

II. DERIVATION OF THE SWITCHING CONTROLLER

The structure of a buck converter is shown in Fig. 1,
where i� represents the current of inductor L, io represents the
current of the load R, and uo represents the output voltage.
For the buck converter, the energy conservation in the circuit
is expressed as follows:

Win(n) = Wout(n) + �W�(n) + �Wc(n) + Ws(n)
(n = 1, 2 . . .) (1)
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Fig. 1. Structure of a buck converter with the SCS.

it means that, during the nth switching cycle [(n � 1)Ts, nTs),
the energy that is injected into the circuit Win(n) should be
equal to the sum of the output energy Wout(n), the energy that
the reactive components (L and C) store (�Wc(n)+�W�(n)),
and the conduction losses of the switch and the diode Ws(n).

The following proves that �Wc(n) in (1) can be ignored.
First, the output voltage uo and capacitor voltage uc are
different due to the equivalent series resistance (ESR) of the
capacitor, but if the ESR is negligible, then we can assume
that uc is equal to uo. Then compared with the average output
voltage, the output voltage ripple is negligible. And as our
purpose is to ensure that uo is always equal to the reference
voltage uref , which is a constant value, uo can be substituted
by uref . The above assumptions give

uc(t) = uo(t) = uref . (2)

And the energy the capacitor stores is calculated using

�Wc(t) =
� t

(n�1)Ts

uc(t)ic(t)dt (t � [(n � 1)Ts, nTs)). (3)

As the capacitor C works the entire cycle during each
switching cycle n, �Wc(n) is calculated in

�Wc(n) =
� (n�1)Ts+Ts

(n�1)Ts

uc(t)ic(t)dt (4)

where ic(t) represents the capacitor current, which is
calculated in

ic(t) = C
duc(t)

dt
. (5)

Based on (2), �Wc(n) can be obtained as

ic(t) = C
duc(t)

dt
= C

duref

dt
= 0 � �Wc(n) = 0. (6)

Thus Wc(n) in (1) can be ignored, and then the energy
conservation in the circuit can be rewritten as follows:

Win(n) = Wout(n)+�W�(n)+Ws(n) (n = 1, 2, 3 . . .). (7)

After obtaining (7), Win, Wout, �W� and Ws of the buck
converter working in CCM and DCM are calculated though
the state analysis in the following of this section, respectively.

A. Continuous Conduction Mode

Under the CCM operation mode, the buck converter
operates in two states: 1) state 1�switch S1 is ON and
2) state 2�S1 is OFF. Thus, during the nth switching cycle,
we have

tON(n) + tOFF(n) = Ts (n = 1, 2, 3 . . .) (8)

where tON(n) and tOFF(n) represent the opening and closing
durations of S1, respectively.

State 1: when S1 is ON, energy is injected into the circuit,
and i� �ows through the loop (uin � S1 � L � C �
R � uin). In this switching state, L is charged, and S1 and R
consume energy, and uAB is obtained using

uAB(t) = uin(t) � usat (t � [(n � 1)Ts, (n � 1)Ts + tON(n)))
(9)

where usat represents the ON-state voltage drop of S1.
State 2: when S1 is OFF, no energy is fed into the

circuit, however, i� continues �owing through the loop
(D1 � L � C � R � D1). In this switching state, L is
discharged, and D1 and R consume energy, and uAB is obtained
using

uAB(t) = �ud (t � [(n � 1)Ts + tON(n), nTs)) (10)

where ud represents the ON-state voltage drop of the
diode D1.

The above state analysis shows that the voltage source
works in the time interval from (n�1)Ts to (n�1)Ts + tON(n),
while L and R work in the entire switching cycle. Thus, the
values of Win(n), Wout(n), �W�(n), and Ws(n) during the
nth switching cycle can be obtained as follows:

Win(n) =
� (n�1)Ts+tON(n)

(n�1)Ts

uin(t)i�(t)dt (11)

Wout(n) =
� (n�1)Ts+Ts

(n�1)Ts

uo(t)io(t)dt (12)

as uo = uref from (2), (12) becomes

Wout(n) = uref io(t)Ts (13)

�W�(n) and Ws(n) are calculated as follows:

�W�(n) =
� (n�1)Ts+Ts

(n�1)Ts

u�(t)i�(t)dt (14)

Ws(n) =
� (n�1)Ts+tON(n)

(n�1)Ts

Usati�(t)dt+
� nTs

(n�1)Ts+tON(n)
udi�(t)dt.

(15)

Substituting the values of Win(n), Wout(n), �W�(n), and
Ws(n) calculated above into (7), the energy conservation is
rewritten as follows after adjusting:
� (n�1)Ts+tON(n)

(n�1)Ts

(uin(t) � usat)i�(t)dt +
� nTs

(n�1)Ts+tON(n)
�uddt

= uref io(t)Ts +
� nTs

(n�1)Ts

u�(t)i�(t)dt (n = 1, 2 . . .). (16)
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B. Discontinuous Conduction Mode

Under the DCM operation mode, the buck converter oper-
ates in three states, in which switch S1 is ON for a duration
of tON(n) and is OFF for durations tOFF1(n) and tOFF2(n), and
tON(n) + tOFF1(n) + tOFF2 = Ts(n).

State 1: when S1 is on, energy is injected into the
circuit, and i� �ows through the loop (uin � S1 �
L � C � R � uin). In this switching state, L is
charged, and S1 and R consume energy, and uAB is obtained
using

uAB(t)=uin(t)�usat (t � [(n�1)Ts, (n�1)Ts+tON(n))). (17)

State 2: when S1 is OFF, no energy is fed into the
circuit. Energy stored in L is discharged through the loop
(D1 � L � C � R � D1). In this switching state,
L is discharged, and D1 and R consume energy. uAB is
obtained in

uAB(t) = �ud(t � [(n � 1)Ts + tON(n),
(n � 1)Ts + tON(n) + tOFF1(n))). (18)

State 3: when S1 is still OFF and energy stored in L is
discharged out, i� = 0. However, the load still consumes
energy from the capacitor. In this switching state, R consumes
energy, and uAB is obtained using

uAB(t) = 0 (t � [(n�1)Ts + tON(n) + tOFF1(n), nTs)). (19)

By combining state 1, state 2, and state 3, Win(n), Wout(n),
�W�(n), and Ws(n) under DCM can be calculated similarly
to that of the CCM operation mode. Then substituting these
calculated values into (7), we get

� (n�1)Ts+tON(n)

(n�1)Ts

(uin(t) � usat)i�(t)dt

+
� (n�1)Ts+tON(n)+tOFF1(n)

(n�1)Ts+tON(n)
�udi�(t)dt

+
� nTs

(n�1)Ts+tON(n)+tOFF1(n)
0i�(t)dt

= uref io(t)Ts +
� nTs

(n�1)Ts

u�(t)i�(t)dt (n = 1, 2 . . .). (20)

Equations (16) and (20) are the main equations that the
duration tON(n) and tOFF(n) must satisfy during each switching
cycle to implement the SCS. Combining the aforementioned
state analysis, it is observed that (16) and (20) can both be
realized by controlling the switching variable uAB, which is
expressed in

� nTs

(n�1)Ts

uAB(t)i�(t)dt

= uref io(t)Ts +
� nTs

(n�1)Ts

u�(t)i�(t)dt (n = 1, 2 . . .). (21)

III. IMPLEMENTATION OF THE SCS

A. Calculation of the Control Reference Wout (n) + �W�(n)

As control reference, Wout(n) + �W�(n) should be
calculated in the time instant of the beginning of the
nth switching cycle and kept during the entire switching cycle.
After measuring the variable io, Wout(n) is obtained by (13).
And as we know, the energy is absorbed and released equally
by the inductor in a switching cycle under the steady-state
conditions. However, it is not equal under the dynamic state
conditions, since the inductor current cannot change instan-
taneously. Therefore, to ensure the dynamic performances,
�W�(n) should be considered and calculated as follows:

�W�(t)=
� t

(n�1)Ts

u�(t)i�(t)dt (t �[(n�1)Ts, (n�1)Ts+Ts))

(22)

where i� is the measured variable, and u� is obtained using

u�(t) = L
i�(t + Tc) � i�(t)

Tc
(23)

where Tc is the sampling cycle.
The state analysis shows that the inductor works during the

entire switching cycle, which means the time t of (22) goes to
the end of the nth switching cycle, therefore, �W�(n) is calcu-
lated by (14). Note here that the control reference is collected
only in the time instant of the beginning of each switching
cycle, therefore, �W�(n) used in the control reference of the
nth switching cycle is actually �W�(n � 1) calculated in
the (n � 1)th switching cycle, which means �W�(n) used in
the SCS has a switching cycle lag.

B. Implementation Procedure of the SCS

After the computation of Wout(n) + �W�(n), the SCS can
be implemented with simple logic functions (comparison and
integration) as shown in Fig. 1. Here, the implementation for
control of a CCM buck converter is described as follows:
the integration process starts at the moment when S1 is
turned ON by the �xed frequency clock pulse. At this moment,
uAB(t) = uin(t) � usat. As time goes on, the integration
value Wint(t) increases from its initial value shown in Fig. 2
as follows:

Wint(t) =
� t

(n�1)Ts

(uin(t) � usat)i�(t)dt

+Winitial(n) (t � [(n�1)Ts, (n�1)Ts+Ts)) (24)

and Wint(t) compares with Wout(n)+�W�(n) instantaneously.
At the instance when Wint(t) reaches Wout(n) + �W�(n), the
comparator generates a reset pulse to reset the RS �ip-�op to
be (Q = 0). Then switch S1 is changed from the ON-state
to the OFF-state. At the same time, the integrator is reset to
zero. t at this moment is de�ned as (n � 1)Ts + dSCS(n)Ts
of the present cycle n, which is determined by the following
equation:

Winitial(n) +
� (n�1)Ts+dSCS(n)Ts

(n�1)Ts

(uin(t) � usat)i�(t)dt

= Wout(n) + �W�(n) = uref io(t)Ts + �W�(n) (25)
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Fig. 2. Operation waveform of the SCS of the buck converter.

where dSCS(n) is the duty ratio, which is tON(n)/Ts, and
Winitial(n) is the integration value during the OFF-state of S1,
in this switching state, no energy is injected into the circuit,
and uAB is equal to �ud. Then the integration restarts from
zero with the value of �udi�(t) after the reset, as shown
in Fig. 2. The switch S1 is OFF until the arrival of the
next clock pulse, which starts the (n + 1)th switching cycle.
Thus

Winitial(n) =
� nTs

(n�1)Ts+dSCS(n)Ts

�udi�(t)dt . (26)

As the implementation for a DCM buck converter is similar
to that of CCM, the details are not presented here.

IV. STEADY-STATE ANALYSIS

A. Steady-State Operation Analysis

Under the steady-state conditions, the inductor absorbs and
releases equal energy, which means �W�(t) = 0. Meanwhile,
after reaching the steady state, i�(t) is equal to io(t) by
neglecting the current ripple. Thus, (21) becomes

1

Ts

� (n�1)Ts+Ts

(n�1)Ts

uAB(t)dt = uref (27)

from (21), it is observed that in each switching cycle, the
average of the switching variable uAB(t) is exactly equal to
the control reference uref , which ensures the tracking of the
output voltage to uref in each switching cycle [8].

B. Stability Analysis

Under the steady state, neglecting �W�(t) since
�W�(t) = 0 and the conduction losses of S1 and D1,
(25) becomes

1

Ts

� (n�1)Ts+dSCS(n)Ts

(n�1)Ts

uin(t)i�(t)dt = uref io(t)

�� dSCS(n) =
uref io(t)

uin(t)i�(t)
.

(28)

Then a buck converter with the SCS can be described by the
following system of differential equations:

�x(t) = Ax(t) + Buin(t)

dSCS =
uref io(t)

uin(t)i�(t)
(29)

where

x(t) =

�
i�(t)
uo(t)

�

, A =

�

�
�

�
R�

L
�

1

L
1

C
�

1

RC

�

	

, B =

�

�
dSCS

L
0

�




and R� represents the parasitic resistance of the inductor
(for simplicity, the parasitic resistance of C was
neglected).

A disturbance to the converter causes the changes �uo(t) in
the output voltage, �i�(t) in the inductor current, and �dSCS in
the duty ratio.

System (29) can be rewritten in terms of disturbances

��x(t) = A�x(t) + B1Vin

�dSCS =
Vref

RVin I�
�uo(t) �

D

I�
�i�(t) (30)

where �x(t) =
��i�(t)
�uo(t)



, B1 =

� �dSCS

L
0



, and Vin, D, and I� are

the steady components.
A Lyapunov function is de�ned as

V =
1

2
L�i 2

� +
1

2
C�u 2

o (31)

where V > 0, and the derivative of this is expressed as follows:

dV

dt
= L�i�

d�i�
dt

+ C�uo
d�uo

dt
. (32)

By using (30) and replacing �i� with �dSCS, one gets

dV

dt
= �R�i 2

� �
�u 2

o

R
+ Vin�dSCS�i�

= �R�i 2
� �

�u 2
o

R
�

�d 2
SCS I�

D
+

Vref�uo�dSCS

RD
. (33)

In a closed-loop controlled converter, any increase in the
output voltage (�uo > 0), for a static value, causes a decrease
in the duty ratio (�dSCS < 0) to shorten the opening duration
of S1, and thus for bringing down back the output voltage
to its static value and vice versa [16]. It is obvious that
((Vref�uo�dSCS)/RD) < 0, which satis�es the Lyapunov sta-
bility criterion [16], [17]. Hence, the SCS is stable.

V. ANALYSIS OF DYNAMIC RESPONSE

The capacitor voltage drop is reconsidered as �uc(n) here
for the analysis of the transient response. Since the dynamic
performance under a load current change is arguably the
most important issue in power converter design, the transient
response to a positive load current change will be fully
discussed. Referring to Fig. 3, immediately following the load
current step change io1 � io2, the inductor current cannot
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Fig. 3. Inductor current path of a buck converter under a positive load current step.

change instantaneously to supply the step of the load current.
Therefore, a portion of the load current must be supplied by
the output capacitor. This, in turn, causes the output capacitor
to lose charge and the output voltage to decrease. Before
point 2, the inductor current is lower than the load current,
the capacitor voltage continues to decrease. At point 2, the
inductor current is equal to the load current, and then the
capacitor stops discharging. At this point, the capacitor voltage
drop is at its maximum, which is expressed in

C
duc(t)

dt
= ic(t) = i�(t) � io(t) (34)

�uc(n) =
1

C

� Point2

Point0
(i�(t) � io(t))dt . (35)

Assuming the positive and negative inductor slews are
invariable, in order to minimize �uc(n), the duration t2,
which represents the integral period (point 0�point 2), must
be minimized. It means the inductor current i� should achieve
the new load current as soon as possible. Here, three factors
in�uence the inductor current to change:

1) the parameters of the circuits;
2) the delay time for responding to the disturbances;
3) the duty ratio during the increase of i� from io1 to io2.
Under certain circuit parameters, the change of i� is deter-

mined by the other two factors. First, when io steps from
io1 to io2, the tON(n) and tOFF(n) of the SCS will be imme-
diately allocated again according to (21); at the same time,
the SCS makes the corresponding adjustments immediately
to the switching pulses. However, using the current-mode
PID controller, the load changes are �rstly responded in the
inductor current. Then the switching pulse is adjusted after the
changes of the inductor current get to the comparator through
the compensation block. This will bring an unpredictable
latency t0, as shown in Fig. 3. Then, during the increase of
�i� based on the given �io, the bigger the duty ratio is, the
more quickly i� gets to io2. The following is the calculations
and comparison of the duty ratios.

By neglecting the energy losses of S1 and D1 of (25), the
duty ratio dSCS(n) of the SCS during t1 (the load current has
become io2(t) at this time) is obtained as follows:

1

Ts

� (n�1)Ts+dSCS(n)Ts

(n�1)Ts

uin(t)i�(t)dt

= uref io(t) +
1

Ts
�W�(n)

� dSCS(n) =
uref io2(t)
uin(t)i�(t)

+
�u�(n)i�(t)
uin(t)i�(t)

=
uref io2(t)
uin(t)i�(t)

+
�u�(n)
uin(t)

(36)

where �u�(n) represents the average change value of the
inductor voltage in the nth switching cycle.

According to the state analysis, the state average model of
the buck converter is obtained as follows:

d(n) =
L

di�(t)
dt

+ uref + �uo(t)

uin(t)
. (37)

The designing principle of the current-mode controller is
that the inner current controller is designed by ignoring the
in�uence of the output voltage and the outer voltage controller
is designed under the assumption that the actual current com-
pletely tracks the reference current. This shows that, during t1,
the purpose that the inner and outer loops adjust the duty ratio
is to offset the inductor voltage changes �u�(n), although
the outer voltage loop implements this purpose by adjusting
the �uo. Thus, according to (37), the duty ratio dPID(n) is
obtained as follows:

dPID(n) =
uref + �u�(n)

uin(t)
=

uref

uin(t)
+

�u�(n)
uin(t)

. (38)

Because i�(t) < io2(t) during t1, the comparison between
(36) and (38) shows that dSCS(n) is always greater than
dPID(n) until i� reaches io2. Therefore, �uc(SCS) is smaller
than �uc(PID), as shown in Fig. 3. Since i� using the SCS can










