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A Digital Two-Switching-Cycle Compensation
Algorithm for Input-Voltage Transients
in DC–DC Converters
Guang Feng, Member, IEEE, Eric Meyer, Student Member, IEEE, and Yan-Fei Liu, Senior Member, IEEE

Abstract—In this paper, a new control algorithm is proposed to
achieve excellent dynamic performance for dc–dc converters undergoing an input-voltage change. Using the concept of capacitor
charge balance, the proposed algorithm predicts the two-switchingcycle duty ratio series to drive the converter back to steady state
following an input-voltage transient. The equations needed to calculate the required duty cycle series are presented. By using the
proposed algorithm, good transient performance, such as small
output-voltage overshoot/undershoot and short recovery time, is
achieved. Simulations and experiments are performed using a synchronous buck converter to verify the effectiveness of the proposed
algorithm. Results show that the proposed method produces superior dynamic performance over that of a conventional currentmode PID controller.
Index Terms—DC–DC power conversion, digital control, transient response.

I. INTRODUCTION
S VOLTAGE regulation requirements for highperformance digital circuits become increasingly stringent, it has become necessary to rethink the long-perceived
concept that analog, linear controllers are the most suitable candidate for dc–dc converters. Bandwidth limitations of conventional controllers have forced power electronics engineers to increase switching frequency, increase output capacitance, and/or
decrease output inductance to improve the dynamic response of
buck converters. Such hardware modifications result in lower efficiency and/or higher component cost. However, by improving
the controller’s dynamic response, the transient performance of
a power converter can be improved without topology modification. Therefore, it is not only necessary but also practical to
explore dynamic performance improvements for controllers of
dc–dc power converters.
Recently, numerous nonlinear analog control strategies have
been introduced to provide improved dynamic performance during transient conditions. Voltage-mode and current-mode hysteretic controllers are presented in [1]–[6]. Various sliding-mode
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controllers are presented in [7]–[11]. Unfortunately, both hysteretic controllers and sliding-mode controllers possess at least
one of the following undesired attributes: 1) variable switching
frequency; 2) nonzero steady-state error; and 3) operating frequencies dependant on the load current and/or the equivalent
series resistance (ESR) of the output capacitor. In general, all
forms of analog control suffer from at least one of the following conditions: 1) large component count for complex control
methods; 2) vulnerability to noise, thermal conditions, component age, and tolerance; and 3) tedious parameter modification
procedures. Most importantly, it is difficult for any of the aforementioned analog controllers to achieve superior dynamic performance (with minimal voltage deviation and settling time), as
it requires complex derivation and calculation, which can only
be practically derived digitally.
An increasing amount of research has been performed in the
field of digital control of dc–dc power converters. However,
the majority of research has been concentrated on the digital
implementation of classical, linear controllers. Various voltagemode and current-mode digital linear controllers are presented
in [12]–[21]. In these papers, issues such as analog/digital conversion quantization, digital pulsewidth modulation quantization, sampling delay effects, z-domain small signal modeling,
and compensator design are examined. While investigation of
these factors is crucial to the development of digital control of
power converters, linear controllers fail to utilize the mathematical capabilities of digital systems. One of the core advantages
of digital control is its ability to effectively implement nonlinear
controllers that require complex operations (multiplication, division, etc.), which were previously very difficult to be realized
through analog schemes.
An ideal dc–dc converter controller would behave linearly
during steady-state conditions for tight voltage regulation and
nonlinearly during transient conditions for fast response. It is
demonstrated in [22] and [23] that by employing two separate
controllers for steady-state operation and transient operation, the
dynamic response can be significantly improved while not sacrificing steady-state accuracy. Control methods are presented,
which utilize a linear control scheme during steady-state conditions and saturate the duty cycle to either 0% or 100% when
a load transient occurs. While these methods effectively reduce
voltage deviation caused by load transients, imprecise timing of
the saturation period leads to suboptimal settling times in most
cases.
To address the shortcomings of [22] and [23], dc–dc controllers are presented in [24]–[26], which utilize a conventional
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linear control method during steady-state conditions and employ a capacitor charge balance technique during transient conditions. By monitoring the charge removed or absorbed by the
output capacitor during a transient event, the controllers are capable of determining the precise duty cycle series that allows
the converter to recover from a transient event in minimal time.
Controllers based on linear and nonlinear “optimal” switching surfaces are presented in [27]–[30]. This category of controllers, termed either sliding-mode control or boundary control,
successfully attempts to drive the converter such that it may recover from a transient event in minimal time.
However, the focus of the papers [24]–[30] deals exclusively
with output-voltage transients caused by rapid output current
transients and/or rapid voltage reference transients.
It is known that the output voltage of a dc–dc converter
may be affected by load current transients as well as large
input-voltage transients. Large-signal input-voltage transients
are common for mobile devices that generally possess different battery and ac–dc adapter input voltages. Therefore, relatively fast input-voltage transients can occur when these devices
switch from an ac source to battery power and vice versa. In this
paper, a new compensation algorithm is proposed to achieve
a two-switching-cycle transient response for dc–dc converters
undergoing an input-voltage transient. Based on the concept of
capacitor charge balance, the proposed algorithm predicts the
two-switching-cycle duty ratio series to drive the converter back
to steady state after an input-voltage change. Using the proposed algorithm, excellent transient performance, such as small
output-voltage overshoot/undershoot and short recovery time, is
achieved. By combining the proposed algorithm with the control method presented in [25], a buck converter with exceptional
dynamic response to both input-voltage transients and load transients may be realized. The proposed two-switching-cycle compensation algorithm and the mathematical equations to calculate
the duty cycle series are fully discussed in Sections II and III.
Sections IV and V show simulation and experimental results
of a synchronous buck converter to verify the effectiveness of
the proposed compensation algorithm. The results confirm that
by using the proposed algorithm, good dynamic performance,
such as small overshoot/undershoot and short recovery time, is
achieved.
II. OPERATION PRINCIPLE OF THE TWO-SWITCHING-CYCLE
COMPENSATION ALGORITHM FOR INPUT-VOLTAGE TRANSIENTS
This section introduces the two-switching-cycle compensation algorithm to improve the dynamic performance of a buck
converter under an input-voltage change. First, the transient response of a conventional control method during an input-voltage
change is analyzed.
A. Transient Response of a Conventional Control Method
Following an Input-Voltage Change
Fig. 1 illustrates the dynamic response of a buck converter
under the control of a conventional control method (such as a
linear voltage-mode or current-mode control scheme) following
a positive input-voltage step. Initially, the input voltage varies

Fig. 1. Transient response of a conventional control method following an
input-voltage change.

from vin0 to vin1 between point 0 and point 1 (as shown in
Fig. 1). It is assumed that before point 1, the output-voltage
increase has not been sensed by the control system; therefore, the
duty cycle remains constant. As a result, the inductor current will
increase and the capacitor will charge causing the output voltage
to increase. At point 1, the increase of the output voltage is
sensed by the control system. The conventional control method
will begin to decrease the duty cycle, which eventually causes
the inductor current to decrease. Before point 2, the average
inductor current over one switching cycle is still higher than
the load current. As a result, the average capacitor voltage will
continue to increase. At point 2, the inductor current is equal to
the load current, and thus, the capacitor stops charging. At this
point, the voltage overshoot is at its maximum.
After point 2, the inductor current will continue to decrease
and become lower than the load current. As a consequence, the
capacitor discharges and the output voltage will drop toward
the reference voltage Vref . When the capacitor charge Acharge is
equal to the capacitor discharge Adischarge , the capacitor voltage
reaches its reference value Vref (shown as point 3 in Fig. 1).
However, at this point, the inductor current and the duty cycle are
usually not equal to their new steady-state values. Therefore, for
the switching cycle after point 3, the average capacitor current
iC does not equal zero, and the output voltage is not equal to
the reference voltage Vref . In addition, since iC is not zero for
the switching cycle after point 3, the capacitor will continue to
discharge or charge, causing the output voltage to continue to
fluctuate.
The converter will eventually enter new steady-state several
switching cycles later (shown as point 4 in Fig. 1). At this time,
the inductor current reaches its new steady-state valley value
iL end , the duty cycle reaches its new steady-state value Dnew ,
and the average value of the output voltage converges to the
nominal reference voltage Vref .
It can be observed from the aforementioned analysis that
a conventional linear control method cannot achieve superior
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Fig. 2. Proposed two-switching-cycle transient response for a positive inputvoltage change.

transient response following an input-voltage change for the
following reasons.
1) When the charge delivered to the capacitor Acharge is
equal to the charge delivered by the capacitor Adischarge
for the first time (shown as point 3 in Fig. 1), the inductor
current is not equal to its new steady-state valley value
iL end . Furthermore, the duty cycle does not reach its new
steady-state value Dnew . Thus, it requires additional time
for the output voltage and the inductor current to converge
to their new steady-state values.
2) Since conventional linear control methods are bandwidthlimited, their duty cycles vary at a finite rate. Thus, linear control methods cannot guarantee the minimization
of the capacitor charge and discharge areas Acharge and
Adischarge following an input-voltage change. This will
prevent the converter from achieving a short recovery time
and a small overshoot/undershoot during the transient.
B. Proposed Two-Switching-Cycle Transient Response
Following an Input-Voltage Change
By satisfying the following conditions, the proposed compensation algorithm can drive a dc–dc converter back to steady
state in two switching cycles, following an input-voltage step
change. These conditions are as follows.
1) The charge delivered to the capacitor is equal to the charge
delivered by the capacitor at the end of the second switching cycle.
2) At the end of the second switching cycle, the inductor
current is equal to its new steady-state valley value iL end .
3) At the end of the second switching cycle, the duty cycle
is set to the new steady-state value Dnew for the new
input-voltage condition.
To satisfy the aforementioned conditions, the transient response of a buck converter under the control of the proposed
algorithm is illustrated in Fig. 2.
As shown in Fig. 2, it is assumed that before point 0, the input
voltage is kept constant at vin0 . During switching cycle T0 (between point 0 and point 1), the input voltage is increased from
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vin0 to vin1 . It is noted that for higher power devices (such as microprocessors), larger input capacitor banks will slow the inputvoltage transient; however, this algorithm can handle slower
input-voltage transients as well. The input-voltage change need
not be a step change for the proper operation of the algorithm.
Before point 1, the input-voltage change has not been sensed
by the control system; thus, the duty cycle is kept unchanged.
As a result, the inductor current will increase, which, in turn,
will cause the output voltage to increase. In the proposed control
system, the input voltage is sensed at every switching cycle. If at
point 1, the sensed input-voltage deviation exceeds a predefined
threshold, the two-switching-cycle compensation algorithm is
activated. A duty cycle series (d1 for the first switching cycle
T1 and d2 for the second switching cycle T2 ) is predicted for
the two switching cycles following point 1. In addition, when
the transient ceases at the end of the second switching cycle
(shown as point 3 in Fig. 2), the duty cycle value for the next
switching cycle is set to the new steady-state value Dnew for the
new input-voltage condition.
If the conditions (1)–(3) are satisfied at the end of the transient (shown as point 3 in Fig. 2), the average output voltage will
recover back to the nominal reference voltage Vref , the inductor
current will decay to its new steady-state valley value iL end , and
the duty cycle will be set to its new steady-state value Dnew . As
a result, in the switching cycle after point 3, the average inductor
current is equal to the load current io . Thus, the average capacitor current will be zero. Therefore, the average output voltage
will be equal to Vref . It can be concluded that in the switching
cycle after point 3, the inductor current, the duty cycle, and
the output voltage will reach their new steady-state values. The
converter will immediately enter the new steady state without
any switchover between the transient and the steady state.
It should be mentioned that in the proposed compensation
algorithm, at least two switching cycles are needed. The explanation will be given as follows.
It is assumed that at point 1, the output-voltage error is represented as ∆vo . The error between the inductor current and the
new steady-state inductor current valley value iL end is represented as ∆iL . The relationship between the duty cycle d and
the variation of the output voltage and the inductor current in
one switching cycle can be expressed as


∆vo = f1 (d)
∆iL = f2 (d)

(1)

where f1 (d) and f2 (d) are the mathematical functions related
to the dc–dc converter.
In order to drive the output voltage and the inductor current
to their new steady-state values in one switching cycle, (2) must
be satisfied


∆vo = f1 (d1 )
∆iL = f2 (d1 ).

(2)

However, (2) usually has no solution mathematically, since
the number of unknowns is fewer than the number of equations.
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PID controller, which is used to control the steady-state and
small-signal condition. The compensation algorithm calculates
the new steady-state values iL new and Dnew for the currentmode PID controller and resets the outputs of the current-mode
PID controller to these calculated values. Therefore, the controller will undergo a smooth transition from transient to steadystate mode with minimal switchover effects. A “slow” PID controller is not required in order to maintain stability during mode
switchovers.
It is possible that the calculated duty cycle value d1 or d2
is greater than 100% or less than 0% if the input-voltage step
change or the inductor value is very large. Thus, three or more
switching cycles may be required for the dc–dc converter to enter
the new steady-state condition. In this case, at the beginning of
step 1 or step 2 of the algorithm, the duty cycle will be set to
100% if the calculated value is greater than 100%, or set to
0% if it is lower than 0%. In addition, the two-switching-cycle
compensation process will be restarted to regulate the converter
(as shown in Fig. 3).

III. MATHEMATICAL EQUATIONS TO CALCULATE THE
TWO-SWITCHING-CYCLE DUTY RATIO SERIES FOR AN
INPUT-VOLTAGE TRANSIENT
Fig. 3. Flowchart of the improved two-switching-cycle compensation
algorithm.

Therefore, at least two switching cycles are required, as follows:

∆vo = f1 (d1 ) + f1 (d2 )
(3)
∆iL = f2 (d1 ) + f2 (d2 ).
Fig. 2 shows that in the two-switching-cycle transient response, the input-voltage step change is assumed to be completed before point 1. However, in typical applications, the
input-voltage variation is usually slow due to the input filter.
Thus, it may take several switching cycles for the input voltage
to reach its new steady-state value. To resolve this problem,
the improved two-switching-cycle compensation algorithm is
proposed, as shown in Fig. 3.
In the improved algorithm, the input voltage is sensed at every switching cycle. If a large-signal input-voltage change is
sensed, the compensation algorithm will be activated immediately. A two-switching-cycle duty ratio series is predicted for
the proposed transient response. If the input voltage sampled
at the end of the first switching cycle (shown as point 2 in
Fig. 2) is different from that sampled at the end of the previous switching cycle (shown as point 1 in Fig. 2), the compensation algorithm will be reset, and a new two-switchingcycle compensation process will be restarted (shown in Fig. 3).
The compensation algorithm will keep restarting until the input
voltage stops changing. Then, the algorithm enters the secondswitching-cycle period (shown as step 2 in Fig. 3). The transient
will end one switching cycle later. When the transient ends,
the control system will be switched back to the current-mode

The analysis in Section II shows that the key point to achieve
the two-switching-cycle transient response is to precisely predict
the duty cycle series d1 , d2 , the new steady-state inductor current
value iL new , and the new steady-state duty cycle value Dnew
for the new input-voltage condition. Based on these predicted
values, the buck converter will enter the new steady state in two
switching cycles without any switchover between the transient
and the steady state. As a result, small overshoot/undershoot
and short recovery time can be achieved.
For a synchronous buck converter operating at a fixed frequency, it is assumed that the inductor value L, the capacitor
value C, and the switching frequency fs are known. In addition,
the inductor current iL , the input voltage vin , and the output
voltage vo can be measured directly. In order to simplify the
calculation, three assumptions are made.
1) Using the proposed compensation algorithm, the outputvoltage variation during the transient is very small so that
in the algorithm calculation, the output voltage is assumed
to be equal to its reference value Vref .
2) The load current io is kept unchanged during the transient.
Therefore, its value can be obtained from the average inductor current value of one switching cycle before the
transient.
3) The input voltage does not change again during the switching cycle T1 and T2 .
Based on the aforementioned assumptions, the duty cycle
d1 , d2 , Dnew , and inew can be calculated in advance to compensate for the influence of the input-voltage change. It should be
mentioned that if the input-voltage variation is slow such that
assumption (3) is not satisfied, or the calculated duty cycle value
d1 or d2 is greater than 100% or lower than 0%, the improved
algorithm (as shown in Fig. 3) will be utilized.
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In order to achieve condition (2) described in Section II, (4)
must be satisfied
iL

end

− iL 1 = (d1 vin1 − vo )

Ts
Ts
+ (d2 vin1 − vo )
L
L

(4)

where iL 1 is the inductor current measured at point 1 (shown in
Fig. 2). Ts is the switching period. The equivalent output voltage
vo and the new steady-state inductor current valley value iL end
are calculated in (5) and (6), respectively
vo ≈ Vref + io rloss
iL

end

= io −

vin1 − vo
1 vo
TS
2L
vin1

(5)
(6)

where io is the load current and rloss is derived as
rloss = RL + RON + Rswitching

(7)

where RL is the winding resistor of the inductor, RON is the
MOSFET ON resistance, and Rswitching is the MOSFET switching loss equivalent resistance. The values of RL , RON , and
Rswitching can be found or estimated from the component data
sheets.
The relationship between d1 and d2 can be directly derived
as
d1 + d 2 =

(iL

end

− iL 1 )(L/Ts ) + 2vo
= k.
vin1

(8)

As previously mentioned, under the control of the proposed
algorithm, the charge delivered to the capacitor is equal to the
charge delivered by the capacitor at the end of the transient
Acharge0 + Acharge1 + Acharge2 = 0

(9)

where Acharge0 is the change of capacitor charge at point 1
(shown in Fig. 2), and Acharge1 and Acharge2 represent the capacitor charge variation during the switching cycles T1 and T2 ,
respectively.
Assuming that the capacitor voltage ripple is very small,
Acharge0 can be calculated from (10) using the output voltage
vo1 measured at point 1 of Fig. 2, and (11) and (12)
Acharge0 = C(vC 1 − vC 0 ) ≈ C(vC 1 − Vref )
= C(vo1 − iC 1 ESR − Vref )
= C(vo1 − (iL 1 − io )ESR − Vref )
C

dvC
= ic = iL − io
dt
vo = vC + iC ESR

(10)
(11)
(12)
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where vC 0 and vC 1 are the capacitor voltage at point 0 and
point 1, iC 1 is the capacitor current at point 1 (shown in Fig. 2),
and ESR is the equivalent series resistance of the capacitor.
The capacitor charge variation Acharge1 during the switching
cycle T1 can be calculated as
1
Acharge1 = d1 Ts [(iL 1 − iL 2 ) + (ip eak1 − iL 2 )]
2
1
+ (1 − d1)Ts (ip eak1 − iL 2) − (io − iL 2)TS (13)
2
where iL 2 is the inductor current value measured at point 2 and
ip eak1 is the peak inductor current value during the switching
cycle T1 (shown in Fig. 2). ip eak1 and iL 2 can be calculated
using (14) and (15), respectively
(vin1 − vo )
(14)
L
Ts
(15)
iL 2 = iL 1 + (d1 vin1 − vo ) .
L
The capacitor charge variation Acharge2 during the switching
cycle T2 is expressed as
ip eak1 = iL 1 + d1 Ts

1
1
Acharge2 = d2 Ts (ip eak2 − iL 2 ) + (1 − d2 )Ts [(ip eak2 − iL 2 )
2
2
(16)
+ (iL end − iL 2 )] − (io − iL 2 )TS
where ip eak2 is the peak inductor current value during the
switching cycle T2 (shown in Fig. 2), which can be obtained
as
(vin1 − vo )
.
(17)
ip eak2 = iL 2 + d2 Ts
L
By substituting (6), (8), and (12)–(17) into (9), the duty cycle
d1 is calculated to be (18) or (19), and d2 can be derived by using
(20), where (18)–(20) are shown at the bottom of this page.
It is observed from the simulation results in Figs. 4 and 5 that
(19) and (20) should be used in the calculation as they yield
suitable duty cycle values (between 0% and 100%).
When the two-switching-cycle transient response ends, the
control algorithm will be switched back to the current-mode
PID controller, which is used to control the steady-state and
small-signal condition. In order to allow the buck converter to
enter the new steady-state condition smoothly, the compensation
algorithm calculates the new steady-state values iL new and Dnew
for the current-mode PID controller, and resets the outputs of
the current-mode PID controller to these calculated values. The
new steady-state duty cycle value Dnew can be obtained by
using (21). Since the new steady-state inductor current valley
value is iL end and the inductor current is sampled 0.3Ts before




1
4L
d1 =
iL 1 − 2io + iL
(1 + k) + (1 + k)2 +
2
vin1 Ts



1
4L
(1 + k) − (1 + k)2 +
d1 =
iL 1 − 2io + iL
2
vin1 Ts

end

Acharge0
Ts
1
+
− k 2 vin1
2
L
Ts

end

Ts
Acharge0
1
+
− k 2 vin1
2
L
Ts

d2 = k − d1 .
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Fig. 4. Calculated duty cycle values under different input-voltage step changes
using (18) and (20) (X -axis: input-voltage step change ∆v in (V ); Y -axis:
duty cycle value) (solid line: d1 , dashed line: d2 ). (a) v in 0 = 5 V, v in 1 =
v in 0 + ∆v in . (b) v in 0 = 7.5 V, v in 1 = v in 0 − ∆v in .

the switch is turned on, the new steady-state inductor current
reference value iL new can be obtained using (22)
dnew =

vo
vin1

(21)

Ts
.
(22)
L
Compared to current-mode control, only one additional realtime measurement is required for the proposed algorithm: the
input voltage. This addition can be accomplished without significant cost. While some converter parameters must be estimated
by the designer, small errors will not significantly affect the
performance of the proposed algorithm, which is verified in the
experiments.
In order for the proposed controller to be transferred from one
converter to another, the power train parameters and switching
speed can be reprogrammed. This proves advantageous over
iL new = iL

end

+ 0.3vo

Fig. 5. Calculated duty cycle values under different input-voltage step changes
using (19) and (20) (X -axis: input-voltage step change ∆v in (V ); Y -axis:
duty cycle value) (solid line: d1 , dashed line: d2 ). (a) v in 0 = 5 V, v in 1 =
v in 0 + ∆v in . (b) v in 0 = 7.5 V, v in 1 = v in 0 − ∆v in .

traditional analog designs that require the compensator’s components to be replaced.
In order to estimate the effective range of the proposed algorithm, simulations were performed to calculate the values of
d1 and d2 under different input-voltage step changes. Here, it
is assumed that the worst case occurs, such that at point 0, as
shown in Fig. 2, the input voltage is changed from vin0 to vin1
instantly. For this case, Acharge0 can be derived as
1
1
Ts
Acharge0 = D0 Ts Do (vin1 − v0 ) + (1 − D0 )Ts
2
L
2


Ts
Ts
× Do (vin1 − v0 ) + (Do vin1 − v0 )
L
L
− (io − iL 0 )TS

(23)

where iL 0 is the inductor current value at point 0 and D0 is the
duty cycle value for the switching cycle T0 (shown in Fig. 2).
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The values of D0 and iL 0 can be obtained from (24) and (25),
respectively
D0 =

Vref
vin0

iL 0 = io −

(24)
1 vo
(1 − D0 )TS .
2L

(25)

In the simulation, it is assumed that before the transient, the
input voltage is vin0 . Then, a step change of ∆vin is imposed on
the input voltage at point 0, as shown in Fig. 2. The duty cycles
d1 and d2 can be calculated using (18)–(20), where Acharge0
is obtained by using (23). The parameters of the synchronous
buck converter used in the simulation are Vo = 2.5 V, L =
1 µH, C = 235 µF, and Ts = 2.56 µs (fs = 390.6 kHz). In order
to simplify the calculation, all the losses are neglected.
Figs. 4 and 5 illustrate the calculated duty cycles d1 and d2
under different input-voltage step changes. In Fig. 4, d1 and
d2 are calculated using (18) and (20). In Fig. 5, d1 and d2 are
calculated from (19) and (20). It can be seen from Fig. 4 that
either d1 or d2 or both are out of range of (0%, 100%). On the
other hand, by using (19) and (20), the values of d1 and d2 are
both within 0%, 100% if the input-voltage step change is less
than 2 V (shown in Fig. 5). Therefore, (19) and (20) should be
used to calculate d1 and d2 .
In addition, Fig. 5(a) shows that if the input-voltage positive
step change is less than 2.5 V, d1 and d2 are both within the
range (0%, 100%). If the input-voltage negative step change is
less than −2 V, d1 and d2 are both within the range (0%, 100%)
[shown in Fig. 5(b)]. In the proposed buck converter, due to
the effect of the input filter, it will take approximately 20–
40 µs for the input voltage to change from 5 to 7.5 V or from 7.5
to 5 V. The input-voltage change in one switching cycle is about
(7.5–5 V)/(20 µs/Ts ) = 0.32 V  2 V, where the switching period Ts = 2.56 µs. Thus, it can be observed from Fig. 5 that in
this input-voltage variation speed, d1 and d2 are all within the
range (0%, 100%). Therefore, the proposed two-switching-cycle
algorithm can work properly in the real-time implementation.
IV. SIMULATION RESULTS
Simulations were performed using MATLAB to verify the effectiveness of the proposed two-switching-cycle compensation
algorithm. The parameters of the buck converter are listed as
follows: input voltage Vin = 5 V, output voltage Vo = 2.5 V,
rated load power = 25 W, L = 1 µH, C = 235 µF, ESR = 1 mΩ,
and RL = 2 mΩ. The switching frequency/sampling frequency
fs is 390.6 kHz.
The proposed algorithm was tested against a digitally implemented current-mode PID controller. Although numerous controllers for dc–dc converters exist, a comparison was made with
a current-mode controller because it is most frequently used
in voltage regulator module (VRM) applications and produces
superior results over voltage-mode control.
A block diagram of the current-mode PID controller is illustrated in Fig. 6. The current-mode PID controller is composed
of two loops: an outer loop (voltage loop) and an inner loop
(current loop). The z-domain transfer functions of the outer

Fig. 6.

Block diagram of current-mode PID controller.

PID loop and the inner PI loop are expressed in (26) and (27),
respectively. The PID controller was designed in the frequency
domain with a bandwidth of 70 kHz and a phase margin of 50◦ .
In order to ensure stability of the current-mode PID controller,
the sampling delay is compensated. The sampling delay does
not affect the stability of the proposed large-signal algorithm
G(z) =

42.26 − 49.56z −1 + 8.82z −2
1 − z −1

(26)

G(z) =

0.0856 − 0.078z −1
.
1 − z −1

(27)

In the experiment, a 9-bit A/D converter is used to sense the
output voltage with a range of 0–4 V. Therefore, the resolution of the A/D converter is 4 V/512 = 7.8 mV. Similarly, in
the simulation, the LSB of the sensed output voltage is set to
7.8 mV.
To verify the proposed algorithm under 5–7.5 V and 7.5–5 V,
input-voltage step changes were simulated on a buck converter
(shown in Figs. 7–9).
Fig. 7 illustrates the output-voltage response of the buck
converter when the input voltage changes from 5 to 7.5 V in
20 µs with a 5-A load current. It is shown in Fig. 7(a) that
using the current-mode PID controller, the overshoot of the output voltage is 40 mV, and the recovery time is approximately
50 µs after the input voltage stabilizes. Fig. 8 shows the outputvoltage response of the buck converter when the input voltage
changes from 5 to 7.5 V in 20 µs with no load. It can be observed
from Fig. 8(a) that by using the current-mode PID controller,
the overshoot of the output voltage is 62 mV and the recovery
time is 110 µs after the input voltage stabilizes. Fig. 9 illustrates
the output-voltage response of the buck converter when the input voltage changes from 7.5 to 5 V in 40 µs with a 5-A load
current. It is shown in Fig. 9(a) that by using the current-mode
PID controller, the undershoot is 32 mV and the recovery time
is 40 µs after the input voltage stabilizes.
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Fig. 7. Simulation result of output-voltage response to input-voltage change
from 5 to 7.5 V when load current is 5 A (X -axis (time): 40 µs/division;
Y -axis (output voltage): 50 mV/division). (a) Current-mode PID controller.
(b) Proposed compensation algorithm.

Fig. 10. Experimental result of output-voltage response to input-voltage
change from 5 to 7.5 V when load current is 5 A (X -axis (time): 40 µs/division;
Y -axis (output voltage): 50 mV/division). (a) Current-mode PID controller.
(b) Proposed compensation algorithm.

However, using the proposed two-switching-cycle compensation algorithm, the magnitude of the overshoot/undershoot
during the entire transient is always less than 10 mV (shown in
Figs. 7(b), 8(b), and 9(b), respectively).
Simulation results show that the proposed algorithm has significantly improved the transient performance of the buck converter undergoing an input-voltage change.
V. EXPERIMENTAL RESULTS

Fig. 8. Simulation result of output-voltage response to input-voltage change
from 5 to 7.5 V when load current is 0 A (X -axis (time): 40 µs/division;
Y -axis (output voltage): 50 mV/division). (a) Current-mode PID controller.
(b) Proposed compensation algorithm.

Fig. 9. Simulation result of output-voltage response to input-voltage change
from 7.5 to 5 V when load current is 5 A (X -axis (time): 40 µs/division;
Y -axis (output voltage): 50 mV/division). (a) Current-mode PID controller.
(b) Proposed compensation algorithm.

In the experiments, a buck converter with the proposed
two-switching-cycle algorithm was built to verify functionality. The parameters of the buck converter, the compensation
algorithm, and the current-mode PID controller are identical to
those used in the simulation. In the experiment, a Xilinx fieldprogrammable gate array (FPGA) was used. The digitally implemented PID current-mode controller requires approximately
10 000 gates. For the proposed algorithm, the gate number was
approximately 150 000 gates. It should be noted that 12-bit arithmetic was used in the FPGA design in order to prove the concept. Since only large signal deviations are considered, 8-bit
arithmetic should be adequate for practical implementation. In
this implementation, the computationally intensive arithmetic
operations (such as division and square-root operations) were
performed using lookup tables in order to increase calculation
speed. By reducing the operations to 8-bit arithmetic, the lookup
tables will significantly decrease in size, reducing the number
of gates required. By using 8-bit arithmetic and lookup tables,
it is estimated that less than 50 000 gates would be required to
implement the control algorithm with an FPGA. It is noted that
with an application-specific IC (ASIC) design, further gate number reduction can be achieved. It is estimated that the control
algorithm can be implemented with 20 000 gates using ASIC
technology.
Fig. 10 illustrates the experimental results of the outputvoltage response when the input voltage changes from 5 to
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Fig. 11. Experimental result of output-voltage response to input-voltage
change from 5 to 7.5 V when load current is 0 A (X -axis (time): 40 µs/division;
Y -axis (output voltage): 50 mV/division). (a) Current-mode PID controller.
(b) Proposed compensation algorithm.

Fig. 12. Experimental result of output-voltage response to input-voltage
change from 7.5 to 5 V when load current is 5 A (X -axis (time): 40 µs/division;
Y -axis (output voltage): 50 mV/division). (a) Current-mode PID controller.
(b) Proposed compensation algorithm.

7.5 V in 20 µs with a 5-A load current. It is shown in Fig. 10(a)
that using the current-mode PID controller, the overshoot of the
output voltage is 45 mV and the recovery time is 28 µs after the
input voltage stabilizes. Fig. 11 shows the experimental results
of the output-voltage response when the input voltage changes
from 5 to 7.5 V in 20 µs with no load. It can be observed from
Fig. 11(a) that using the current-mode PID controller, the overshoot is 65 mV and the recovery time is 108 µs after the input
voltage stabilizes. Fig. 12(a) illustrates the experimental results
of the output-voltage response when the input voltage changes
from 7.5 to 5 V in 40 µs with a 5-A load current. It is shown in
Fig. 12(a) that using the current-mode PID controller, the undershoot of the output voltage is 38 mV and the recovery time
is 32 µs after the input voltage stabilizes.

Fig. 13.
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(a) L: nominal, C: +20%, (b) L: nominal, C: −20%.

However, using the proposed two-switching-cycle compensation algorithm, the overshoot/undershoot during the entire transient period is always less than 12 mV [shown in Figs. 10(b)–
12(b)]. The recovery time is also significantly shorter than that
of the current-mode PID controller.
Comparing Figs. 10–12 with Figs. 7–9, it can be observed
that the simulation results are very close to the experimental
results.
It can be observed in Figs. 10–12 that following the
switchover from the proposed compensation algorithm to the
current-mode PID controller, a small oscillation is observed.
Although the proposed algorithm minimizes switchover effects
by estimating the new duty cycle and inductor current states,
the previous states required by the PID controller may not be
accurate. Thus, a small oscillation may occur; however, it is
observed that the oscillation is equal to or less than the initial
output-voltage deviation caused by the input-voltage transient.
Considering the influence of parameter variations on the performance of the proposed two-switching-cycle compensation
algorithm, experiments were conducted to verify the robustness
of the proposed algorithm under different capacitor and inductor
values. Usually, a ±20% tolerance of L- and C-values can be
guaranteed. Therefore, the capacitor or inductor value was increased or decreased by 20%, and the same input-voltage change
was performed on the buck converter.
Fig. 13 illustrates the output-voltage response to an inputvoltage change from 7.5 to 5 V under different C-values.
Table I summarizes the overshoot/undershoot of the proposed algorithm (for different values of L and C) and the current-mode
PID controller. It can be observed from Fig. 13 and Table I
that the proposed algorithm can still achieve excellent dynamic
performance even when the parameters of the buck converter
are ill-defined. The maximum overshoot/undershoot during the
input-voltage change is still less than 15 mV when the input
voltage is changed from 5 to 7.5 V and when the input voltage
is changed from 7.5 to 5 V. Therefore, it can be concluded that
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TABLE I
EXPERIMENTAL RESULTS OF THE TWO-SWITCHING-CYCLE COMPENSATION
ALGORITHM AND THE CURRENT-MODE PID CONTROLLER UNDER
INPUT-VOLTAGE CHANGE

presented in [25]) is rather straightforward and will yield a converter with excellent dynamic response to an arbitrary transient
event.
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