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Second-Order Sliding-Mode Controlled Synchronous
Buck DC–DC Converter
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Abstract—In this paper, second-order sliding-mode (SOSM)
control approach is applied to synchronous buck dc–dc converters.
The proposed SOSM controller can stabilize synchronous buck dc–
dc converters using a simple digital state-machine structure, with-
out requiring current sensing or an integral term in the control
loop. The SOSM controller results in fast step-load and start-up
transient responses, and is robust against parameter uncertainties.
Fast transients and current limitation during start up can be ac-
complished by adjusting one controller parameter. Furthermore, a
hysteresis method is introduced to control the switching frequency.
The proposed approach is verified by experimental results on a
1.25-V 10-A prototype.

Index Terms—DC–DC converter, digital control, second-order
sliding-mode (SOSM) control, state-machine, voltage feedback.

I. INTRODUCTION

DC–DC converters are commonly controlled using pulse
width modulation, where switch control signals are deter-

mined based on sensing the output voltage and other state vari-
ables, and by employing compensators designed using converter
small-signal averaged models and frequency-domain techniques
[1], [2]. The compensator usually uses an output error integral
term in order to ensure zero steady-state error. An advantage of
this approach is that the pulse width modulator and the converter
operate at a constant switching frequency. Since the design is
based on small-signal techniques [2], the prescribed dynamic
performances are only ensured around a certain equilibrium
point. Furthermore, the presence of an integral term in some
cases implies a slow response against disturbances.

Various large-signal-based approaches have been considered
to improve transient responses and robustness of closed-loop
controlled dc–dc converters, including hybrid digital adaptive
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control [3], proximate time-optimal control [4], boundary con-
trol [5], [6], or raster surface control [7]. In particular, sliding-
mode control (SMC) has attracted significant attention in dc–dc
control applications. SMC may be used to characterize the sys-
tem under both small- and large- signal conditions [8], and
provide robust responses of the output against uncertainties and
disturbances [9], [10]. Traditional SMC and various extensions
have been successfully applied to dc–dc converters [8], [11]–
[15]. Traditional SMC uses a certain switching surface s = 0,
which divides the state space into two subspaces, and control
from the set {U+ , U−} in each subspace, respectively, to con-
strain the dynamics ideally at s = 0. This approach requires
that the surface s be of relative degree 1, and also requires a
stable behavior of the ideal sliding dynamics [9], [10]. Note
that relative degree indicates the number of times by which the
output is differentiated until the input appears explicitly [16].
In the context of single-input single-output linear time-invariant
systems, the relative degree is the difference between the order
of the denominator and the order of numerator of the control to
output transfer function. Applied to a dc–dc converter, the tra-
ditional SMC in most cases requires that the switching surface
s = 0 be a combination of the output voltage and an inductor or
capacitor current. In general, current sensing leads to increased
noise sensitivity and increased cost. Techniques, such as bound-
ary control [5], [6] employ a higher order switching surface to
achieve fast dynamic responses, but switching surface evalua-
tion still requires current sensing.

High-order sliding-mode (HOSM) is an extension of tradi-
tional SMC. For a smooth function s (it is consider as the slid-
ing variable), the motion on the set s = ṡ = · · · = s(r−1) = 0
is called rth-order sliding mode [26], [27] if the successive total
time derivatives s, ṡ, . . . , s(r−1) are continuous functions, and
s = ṡ = · · · = s(r−1) = 0 is a nonempty set that consists lo-
cally of Filippov trajectories [28]. Traditional first-order sliding
mode is of the first order [27], where s is continuous and ṡ is
discontinuous. Second-order sliding-mode (SOSM) belongs to
a class of HOSM, where s and ṡ are continuous and s̈ is discon-
tinuous. The surface in first-order SMC is a line s = 0 in phase
plane s − ṡ, while in SOSM control it is a point, i.e., the origin
s = ṡ = 0 in the phase plane s − ṡ. This feature impacts the
asymptotic performance. During a transient, a system trajectory
under traditional first-order SMC reaches the surface first, and
then, moves along the surface to approach the origin in the s − ṡ
phase plane. Note that the first-order SMC needs the informa-
tion of ṡ and s to stabilize systems of relative degree 2 [20], such
as the buck dc–dc converter. In contrast, under SOSM control, a
trajectory in the phase plane s − ṡ can reach the surface (i.e., the
origin) directly. Some SOSM control algorithms require only s
for stabilizing systems with relative degree 2.
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Fig. 1. Synchronous buck converter.

The proposed controller is implemented by means of a state
machine consisting of four states based on second-order SMC
theory using only the knowledge of s [23]. The output voltage
is the only required feedback signal. The approach can result
in robust behavior with respect to parameter uncertainties and
load disturbances in the converter. Current sensing or an integral
term in the control loop are not required.

The SOSM approach described in this paper is based on
theoretical contributions, which are briefly summarized here.
Application of a suboptimal SOSM algorithm to control a buck
converter has been reported proposed in [17]. In this case, how-
ever, the controller is designed by means of an averaged model.
In addition, the capacitor current is used as a component of
the switching surface. A boost converter for a PEM fuel cell
is controlled using a supertwist algorithm in [18]. Similarly, a
three-phase full-bridge boost converter is controlled using cur-
rent observers based on supertwist algorithms in [19]. Only
simulation results have been reported in these earlier works.
This paper shows how an improved suboptimal algorithm [20]
can be applied practically to a synchronous buck dc–dc con-
verters. Furthermore, a new hysteresis method is proposed to
control the switching frequency.

This paper is organized as follows. SOSM control for syn-
chronous buck dc–dc converters is introduced in Section II. The
architecture of SOSM controller and basic principles are pre-
sented in Section III. The controller design for synchronous
buck converters is presented in Section IV. Experimental verifi-
cation for a 1.25-V 10-A synchronous buck converter is given
in Section V. Section VI concludes the paper.

II. SOSM CONTROL

Fig. 1 shows the synchronous buck dc–dc converter, where
Vg is the input voltage, vo is the output voltage, iL is the in-
ductor current, R is the converter load, and L and C are the
filter inductor and capacitor, respectively. The converter can be
described by

v̇o = − vo

CR
+

iL
C

i̇L = −vo

L
+

uVg

L
(1)

where u ∈ {0, 1} is the control input. As usual, the control ob-
jective is to regulate the output voltage vo to a desired reference
voltage Vref . It is desired to maintain output voltage regulation

in the presence of parameter uncertainties and load disturbances,
and to do so without the need to sense currents.

The difference between the output voltage and the reference
voltage is defined as the sliding variable s

s = vo − Vref . (2)

Considering a constant Vref , the first derivative of s can be
found as

ṡ = − vo

CR
+

iL
C

(3)

and the second derivative of s as

s̈ =
[

1
(CR)2 − 1

LC

]
vo −

iL
C2R

+
uVg

LC
. (4)

The relative degree [16] of the sliding dynamics (4) for syn-
chronous buck dc–dc converters is two. For the sliding dynamics
(4), the combination of s and ṡ, e.g., ks + ṡ = 0 (k is a con-
stant), is usually chosen to construct the sliding surface using
traditional first-order SMC. A controller needs the knowledge of
s and ṡ in order to reach the sliding surface. Sensing the capac-
itor current is commonly employed to obtain ṡ. In contrast, in
SOSM control, the sliding surface is chosen as {s = 0, ṡ = 0}.
Note that expression (3) implies that the average value of the
inductor current approaches the load current v0/R as ṡ con-
verges to zero. This means that the output voltage can track the
reference voltage and the average value of the inductor current
can track the output current if the trajectory of sliding dynamics
(4) is kept on the second-order sliding surface {s = 0, ṡ = 0}.
Hence, the SOSM controller can regulate the output voltage to
the reference value without sensing the current, if it can force
both s and ṡ to zero without measurement of ṡ. The SOSM
control is based on this idea.

The main SOSM approaches include twist [21], supertwist
[21], suboptimal [22] and improved suboptimal [20] algorithms.
The advantage of the improved suboptimal algorithm [20] is
that it allows the system to reach the nominal operating point
without overshoot and without measurement of ṡ. In this paper,
a SOSM controller based on the improved suboptimal algorithm
is presented for synchronous dc–dc buck converters.

III. STATE-MACHINE REALIZATION OF SOSM CONTROL

The state-machine controller presented in this section uses the
sliding variable s, which is based on the improved suboptimal
algorithm [20], steers the system trajectory to the switching
surface {s = 0, ṡ = 0} in spite of parameter uncertainties or
load disturbances. The controller operation is presented in a
general manner in this section first, and more specifically for
the synchronous buck converter in Section IV.

The controller state-machine structure is shown in Fig. 2. It
consists of four states named A+

OFF , A−
OFF , A+

ON , A−
ON , in addi-

tion to an initial state. The states A+
OFF and A+

ON are associated
with the sliding variable s ≥ 0, whereas the states A−

OFF and
A−

ON correspond to the sliding variable s < 0. The states A+
OFF

and A−
OFF are associated with trajectories when ṡ is decreasing,

while the states A+
ON and A−

ON correspond to trajectories when
ṡ is increasing. In each state, the corresponding control input
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Fig. 2. State-machine controller based on the improved suboptimal
algorithm [20].

Fig. 3. Trajectory movement starting on the left-hand side of the s − ṡ state
plane.

is U+ = 1 (ON) or U− = 0 (OFF ) as shown in Fig. 2. “ON”
means ON state corresponding to position “1” of the switch in
Fig. 1. “OFF” means OFF state corresponding to position “0”
of the switch in Fig. 1.

The state machine controller steers the trajectory movement
in the s − ṡ state plane as shown in Figs. 3 and 4. The trajectory
on the left-hand side of the state plane (s < 0) is driven by states
A−

ON and A−
OFF as shown in Fig. 3. The trajectory on the right-

hand side of the state plane (s > 0) is driven by states A+
OFF

and A+
ON as shown in Fig. 4.

The state machine illustrated in Fig. 2 uses two additional
variables, namely sm and sM . Variable sm keeps the minimum
value of s in the states A+

ON and A−
ON , while variable sM keeps

the maximum value of s in the states A+
OFF and A−

OFF . The
switching conditions are determined by the variable sm or sM ,
which are updated with the change of the state.

In Fig. 3, variable sm keeps the minimum value of s at the
start of state A−

ON . The state A−
OFF is then entered when the con-

dition βsm (0 < β < 1) is satisfied, which implies that the point
βsm is closer to the origin than the point sm . In state A−

OFF ,

Fig. 4. Trajectory movement starting on the right-hand side of the s − ṡ state
plane.

the trajectory is approaching the horizontal axis. Variable sM

is updated to the new maximum value of s at the point when
the trajectory crosses the horizontal axis in state A−

OFF . The
trajectory then moves away from the horizontal axis until the
condition sM − s > δ is satisfied. Here, δ is a hysteresis pa-
rameter, which ensures that the switching frequency is bounded
to a desired value, as discussed further in Section IV-B. Once
the trajectory crosses the hysteresis threshold, state A−

ON is ac-
tivated again. Variable sm keeps the new minimum value of s
when the trajectory crosses the horizontal axis in state A−

ON , and
the process proceeds iteratively as described above. If δ is small
enough, the trajectory converges to the vicinity of the origin in
the s − ṡ plane as shown in Fig. 3. The trajectory starting on
the right-hand side of the s − ṡ plane has a similar behavior as
shown in Fig. 4.

The sliding-mode variable of the controlled system is closer
to the origin in each cycle. It should be noted that the value of
β must be constrained in order to prevent the trajectory from
crossing the vertical axis, which would result in undesirable
overshoots or instability.

Similar to the improved suboptimal algorithm described in
[20], measurement of ṡ is not required. The sign of ṡ is detected
by means of the aforementioned hysteretic method.

In the next section, the proposed control strategy is developed
for synchronous buck dc–dc converters, including derivation of
β to ensure stability and fast response, and hysteresis δ to limit
the switching frequency.

IV. STATE-MACHINE CONTROLLER ANALYSIS AND DESIGN

A. Analysis of Transient for a Synchronous Buck Converter

According to expression (4), the second derivative of the
sliding variable s can be expressed as

s̈ +
1

RC
ṡ +

1
LC

s =
uVg − Vref

LC
. (5)

Given that load R is in the range (0,∞], (5) corresponds to
the dynamics of a damped oscillator with an equilibrium point
at s = −Vref when u = 0 and at s = Vg − Vref when u = 1.
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Fig. 5. Undamped state-plane trajectory starting at (−s0 , 0).

It is convenient to consider undamped dynamics, i.e., the case
when the converter is unloaded. Equation (5) can be expressed
as

s̈ +
1

LC
s =

uVg − Vref

LC
. (6)

Under the normalization ṡnorm =
√

LCṡ, the ON state be-
havior can be represented as

√
LCs̈norm + s = Vg − Vref . (7)

The state-plane trajectory is described by a circle

ṡ2
norm + (s − (Vg − Vref ))

2 = r2
ON (8)

where the circle radius rON depends on the initial conditions
as shown in Fig. 5. The state-plane trajectory, starting from an
initial point (−s0 , 0), s0 > 0 on the left-hand side of the state
plane, evolves along the state circle

ṡ2
norm + (s − (Vg − Vref ))

2 = (sm − (Vg − Vref ))
2 . (9)

Note that variable sm keeps the value of −s0 as described in
Section III. The trajectory moves along the circle until s = β sm ,
where

(βsm − (Vg − Vref ))
2 + ṡ2

MAX = (sm − (Vg − Vref ))
2

(10)
and ṡMAX is the largest value of ṡnorm . After passing the point
(βsm , ṡMAX), the trajectory follows the OFF state circle:

(s + Vref )
2 + ṡ2

norm = r2
OFF (11)

until it crosses the horizontal axis at point (−s1 , 0), s1 > 0 that
satisfies the following condition:

(sM + Vref )
2 = r2

OFF . (12)

Note that variable sM keeps the value of −s1 as described
in Section III. Considering the intersection point (βsm , ṡMAX)

of arc A−
ON and A−

OFF from (10)–(12), the following equation
holds:

(sM + Vref )
2 = (β sm + Vref )

2 + (sm − (Vg − Vref ))
2

− (β sm − (Vg − Vref ))
2 . (13)

In order to prevent an overshoot of the output voltage, the
trajectory should not cross the vertical axis, which means that
the condition −s1 ≤ 0 should be fulfilled. Hence, β should be
greater than βN min , which is the value that brings the trajectory
to the origin for a negative value of s. From (13), with s1 = 0,
the minimum β in the operating range [−Vref , 0] can be found
as

βN min = 1 +
−sm − 2Vref

2Vg
. (14)

Considering the worst case when the output voltage starts
from zero, sm = −Vref , a condition for parameter β to ensure
that the trajectory does not cross the vertical axis follows from
(14):

βN ≥ 1 − Vref

2Vg
. (15)

The analysis above has been done considering an undamped
trajectory, which in fact implies that condition (15) guarantees
that no damped trajectory would cross the vertical axis, because
damped trajectories move along converging spirals bounded by
the considered circles.

Taking (10) into account, the following relationship can be
found:

ṡ2
MAX =

(
1 − β2) s2

m − 2 (1 − β) (Vg − Vref ) sm (16)

which implies that as the sequence sm tends to the origin under
the conditions of (14) or (15), the sequence of maximal values
ṡMAX in the vertical axis also tends to the origin. The fact that
both sequences are contractive proves stability of the control
approach for any initial point in the left-hand side of the state
plane.

The same analysis can be done for a point starting from the
right-hand side of the state plane as shown in Fig. 6. For this
case, a constraint for β can be found as

βP min =
1
2

sM + 2Vref

Vg
. (17)

Considering the starting point (Vg − Vref , 0) in the operating
range [0, Vg − Vref ], β in the proposed control approach may be
chosen according to

βP ≥ 1
2

(
1 +

Vref

Vg

)
. (18)

Similar to (16), the following equation holds:

ṡ2
MIN =

(
1 − β2) s2

M + 2 (1 − β) VrefsM (19)

which also implies that as the sequence sM tends to the origin
under the conditions of (17) or (18), the sequence of minimal
values ṡMIN also tends to the origin. That means that both se-
quences are contractive, which proves stability of the control
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Fig. 6. Undamped state-plane trajectory starting at (s0 , 0).

Fig. 7. Controller state-machine diagram including hysteresis.

method for a point starting on the right-hand side of the state
plane.

B. Behavior Around the Equilibrium and Determination
of Hysteresis

If hysteresis δ trends to zero, a controller operating according
to the state machine diagram in Fig. 2 would theoretically re-
sult in infinite switching frequency as the converter approaches
the equilibrium. A finite-frequency steady-state operation can
be obtained after left the starting point, using the hysteresis
parameter δ in the controller state machine diagram shown in
Fig. 7. Steady-state operation is examined in this section first for
the case when the controller operates with constant parameters
βN and βP , and then, for the case when these parameters are
adaptively adjusted during controller operation.

1) Controller Implementation With Constant Parameters βN

and βP : If parameter β is chosen according to (15) (when the
operating point is in the left half of the state plane) or according

Fig. 8. Steady-state trajectories for (a) Vref > 2
3

(
2Vg −

√
−6δVg + V 2

g

)
and (b) Vref < 1

3

(
−Vg + 2

√
−6δVg + V 2

g

)
when βN and βP chosen ac-

cording to (15) and (18), respectively, are constant.

to (18) (when the operating point in the right half of the state
plan), a dc error appears in the steady-state operation. This
is because the trajectory goes into a steady-state limit cycling
before arriving at the origin in the s − ṡnorm state plane as
shown in Fig. 8. The following conditions must be hold for
limit cycling:

βN sm + δ = sM − δ,

(
Vref >

Vg

2

)
(20)

sm + δ = βP sM − δ,

(
Vref <

Vg

2

)
. (21)
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Fig. 9. State-plane trajectory around the origin when the converter is unloaded.

If βN and βP are chosen according to (15) and (18) im-
mutable, in order to fulfill the conditions for limit cycling, the
results in equilibrium can be expressed as

sM = 2δ +
(

1 − Vref

2Vg

)
sm ≤ 0,

(
Vref ≥

2
3

(
2Vg −

√
−6δVg + V 2

g

)
≈ 2Vg

3

)
(22)

sm =
Vg + Vref

2Vg
sM − 2δ ≥ 0,

(
Vref ≤

1
3

(
−Vg + 2

√
−6δVg + V 2

g

)
≈ Vg

3

)
. (23)

It should be noted that results (22) and (23) can be fulfilled for
any δ when the trajectory is near the origin. However, the trajec-
tory stays around the origin accurately only when Vref = Vg/2.
Alternative approaches based on adaptively adjusting values of
parameter β in order to reduce the steady-state error are consid-
ered next.

2) Implementation With Various Parameters βN and βP :
Considering that sM /2Vg ≈ 0 and sm /2Vg ≈ 0 in steady
state, let parameter βN min = 1 − V r e f

Vg
when Vref > Vg/2 and

βP min = V r e f
Vg

when Vref < Vg/2 after the trajectory goes into
steady state. With this approach, the trajectory is forced to cross
the vertical axis in steady state and stay around the origin. How-
ever, it should be noted that the equilibrium moves slightly
around the origin when the load is changed.

Parameter βN is updated at the transitions from A−
OFF to

A−
ON and from A−

OFF to A+
OFF . Parameter βP is updated at the

transitions from A+
ON to A+

OFF and from A+
ON to A−

ON . With
the proposed approach of dynamically adjusted β, the trajectory
goes into a limit cycle around the origin as shown in Fig. 9.
The maximum and the minimum values of the trajectory are
independent of the inductance and capacitance values.

Fig. 9 shows the hysteresis δON in ON mode and δOFF in OFF
mode. It can be shown that δON = δOFF as follows. Points c and
d correspond to the switching points without hysteresis from
A−

ON to A−
OFF and from A+

OFF to A+
ON in Fig. 7, respectively.

When hysteresis is applied, assuming both switching points in

a period are at the vertical axis, the switching conditions are
changed to be as follows, respectively:

s ≥ βN minsm + δON = 0 (24)

s ≤ βP minsM − δOFF = 0 (25)

with the switching points denoted as points a and b in Fig. 9.
Considering (14), (17), (24), and (25), the hysteresis values

can be expressed as

δON = −
(

1 +
−sm − 2Vref

2Vg

)
sm

=
s2

m − 2Vgsm + 2Vrefsm

2Vg
(26)

δOFF =
sM + 2Vref

2Vg
sM

=
s2

M + 2VrefsM

2Vg
. (27)

The switching point a and b are symmetrical about the hori-
zontal axis, where the following equations hold:

(Vg − Vref )
2 + ṡ2

MAX = (sm − (Vg − Vref ))
2 (28)

V 2
ref + (−ṡMAX)2 = (sM + Vref )

2 . (29)

Then,

s2
m − 2Vgsm + 2Vrefsm = s2

M + 2VrefsM . (30)

Considering (26), (27), and (30), the following relation is
obtained:

δON = δOFF (31)

According to (31), if the same hysteresis is set for ON mode
and OFF mode, the switching happens at the vertical axis (s = 0)
in every period. Both switching points move slightly in the
opposite directions when the load resistance varies. Otherwise,
the line connecting the switching points intersects the origin
state as shown in Fig. 10. Hence, the limit cycle of the output
voltage is still fixed at the origin in the state plane s − ṡnorm .

Considering (14), (17), (24), and (25), the voltage ripple with-
out load is

δv = |sm | + |sM | =
δ

βN
+

δ

βP
=

δVg

Vg − Vref
+

δVg

Vref
(32)

where δ is the hysteresis, sm

2Vg
≈ 0, sM

2Vg
≈ 0. Equation (32) im-

plies that the output ripple is independent of filter inductance or
capacitance values.

Considering (5), if the trajectory is close enough to the origin,
where |s| << Vg − Vref and |ṡ| << (Vg − Vref ) R

L , the con-
verter dynamics can be approximated by

s̈ =
uVg − Vref

LC
. (33)

Thus, the solution of (33) can be expressed as

s(t) =
(

uVg − Vref

LC

)
t2

2
+ ṡ(0)t + s(0). (34)
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Fig. 10. State-plane trajectory around the origin when the converter is loaded.

Considering that the point is near the equilibrium as shown
in Fig. 9, which means ṡ (0) t ≈ 0 in a period, the time tsm

of
ON modes starting from sm to the next switching point a in the
limit cycle fulfills

tsm
=

√
2LC |sm |
Vg − Vref

=

√
− 2LCδ

(Vg − Vref ) βN

=
1

Vg − Vref

√
2LCδVg (35)

and the time tSM
of OFF modes starting from sM to the next

switching point b in the limit cycle fulfills

tSM
=

√
2LC |sM |

Vref
=

√
2LCδ

VrefβP
=

1
Vref

√
2LCδVg . (36)

The switching period is

T = 2 (tsm
+ tSM

)

= 2
√

2LCδVg
Vg

(Vg − Vref ) Vref
. (37)

Equation (37) implies that the switching frequency is affected
by filter inductance or capacitance values. It should be noted that
the voltage ripple (32) and the switching period (37) are derived
for the undumped case. Considering the load and the parasitic
elements in the converter, the trajectory in steady state is as
shown in Fig. 10. The actual voltage ripple is smaller than the
one obtained from (32), and the switching period is shorter than
the one calculated from (37), because some energy is dissipated
on the load and the parasitic elements.

V. EXPERIMENTAL VERIFICATION

In this section, the proposed control is verified on a 1.25-V
10-A synchronous buck converter supplied from Vg = 5 V to

Fig. 11. Synchronous buck converter with SOSM controller.

TABLE I
SYNCHRONOUS BUCK CONVERTER PARAMETERS

Parameter Value

C 270 μF
L 1.26 μH
V r e f 1.25 V
R 0.125 − 0.5 Ω
Vg 5 − 10 V
R in d u c t o r + Ro n 20 mΩ
RE S R < 0.7 mΩ

Vg = 10 V as shown in Fig. 11 and Table I. Some implementa-
tion issues are addressed and experimental results are provided
to verify performance of the proposed controller. The parame-
ters of the synchronous buck converter prototype are listed in
Table I.

The controller has been implemented in an Altera Cyclone
III FPGA with a 30-MHz clock frequency. An A/D converter
with 30 MHz, 11 bits, and 0–2 V input range has been used
to measure the output voltage. The A/D LSB resolution is
qA/D = 2 V/2048 ≈ 1 mV. The time delay of the A/D con-
verter is five clocks. The time delay from FPGA to the switches
is three clocks because a multiplier and a divider are used to
calculate some firing conditions. The total time delay is 267 ns,
which may result in slightly larger ripple and longer switching
period compared to the values calculated by (32) and (37), re-
spectively, but the delay does not affect stability of the proposed
control approach. The deadtime for the synchronous switches is
approximately 350 ns.

As discussed above, parameter β depends on the input volt-
age. In order to implement this dependence, a low resolution
A/D converter is sufficient for sensing the input voltage. The
speed of this additional A/D converter can be chosen depend-
ing on the expected input voltage dynamics. In the experimental
results reported in this paper, the input voltage dependence is im-
plemented and verified by manual adjustments of parameter β.

Although the proposed control approach can be implemented
by means of discrete circuit elements or relatively simple custom
logic, an FPGA is used to simplify prototyping and to allow flex-
ible experimentations with various parameters such as βN min
and βP min . The capacitor equivalent series resistance, switch
ON resistance, the inductor series resistance, and other parasitic
elements add some additional terms in the ṡ and s̈ expressions.
In the prototype presented in this paper, these effects can be
considered relatively small and are neglected. A detailed treat-
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Fig. 12. Block diagram of the FPGA implementation of the proposed controller.

ment of the SOSM control approach taking into account various
parasitic elements can be found in [24]. An application to a
higher order converter system has been presented in [25].

The controller is implemented as a state machine with four
states and an initial state as shown in Fig. 12. The multipliers,
adders, and dividers are implemented using Altera’s Library
of Parameterized Modules. In order to store a decimal with
a register on the FPGA, the parameter β is scaled with the
scaling factor 256 times due to β ∈ (0, 1). Two 8-bit registers
are used to store the parameter βP and βN . Calculations include
two parts: βs and β. The value of βP sM (k + 1) is used in the
transition condition from state A+

OFF to state A+
ON , and the value

of βN sm (k + 1) is used in the transition condition from state
A−

ON to state A−
OFF . The update of β depends on sM or sm in

the controller with adjustable β.
In the following sections, experimental results are presented

for the start-up, step-up, and step-down transients. The perfor-
mances are compared for two cases related to how parameter
β is handled, an implementation with constant β and an imple-
mentation with adjustable β.

A. Implementation With Constant β

As discussed above, βN = 0.875, which is the minimum in
(15) and βP = 0.25, which is chosen by (17) at sM = 0 be-
cause Vref <

Vg

2 . Hysteresis δ is chosen to be 6 mV. Fig. 13
compares start-up transients of the proposed controller for 0–5

Fig. 13. Experimental start-up transient waveforms with V = 5 V and the
constant β method; βN = 0.875 and βP = 0.25 .The transients are shown for
5- (left) and 10-A (right) load. The signals shown, top to bottom, are the output
voltage, inductor current, and switch control signal.

and 0–10 A with 5-V input voltage. The start-up transient lasts
several switching periods because of the energy dissipated by
the parasitic elements and the load. The number of switching
periods during transient increases with increasing of the output
current. In all cases, the output voltage approaches steady state
regulation without any overshoots.

Fig. 14 illustrates dynamic responses for 0–5- and 0–10-A
step-up load transients. The waveforms are shown for the worst-
case conditions corresponding to the cases when the step load
occurs at the minimum output voltage. The output voltage re-
turns to the reference after just two switching periods for the
0–5-A load transient, and after just three switching periods for
the 0–10-A load transient. The steady-state voltage ripple is
about 40 mV, and the switching period is about 9 μs. It should
be noted that the output voltage ripple become slightly smaller
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Fig. 14. Experimental step-up load transients with Vg = 5 Vand the constant
β method; βN = 0.875 and βP = 0.25. The load transients are 0–5 (left) and
0–10 A (right). The signals, top to bottom, are the load change signal, the output
voltage, inductor current, and the switch control signal.

Fig. 15. Experimental step-down load transients with Vg = 5 V and the con-
stant β method; βN = 0.875 and βP = 0.25. The transients are 5–0 (left) and
10–0 A (right). The signals, top to bottom, are: the load change signal, the output
voltage, inductor current and switch control signal.

Fig. 16. Experimental start-up transient waveforms for βN = 0.95 (left) and
βN = 0.78 (right), with constant βP = 0.25, R = 0.25, and Vg = 5 V.

at larger output currents. This is because of the shift in the
switching point, as discussed in Section III.

Fig. 15 illustrates dynamic responses with the proposed con-
troller for 5–0- and 10–0-A step-down load transients. With the
proposed controller, the converter returns to regulation after one
switching period, which is because βP is chosen according to
(17) when Vref <

Vg

2 assuming sM

2Vg
≈ 0 in steady state. The

output voltage is forced to cross the reference level.
It is instructive to examine the controller responses for differ-

ent values of the parameter βN . Fig. 16 illustrates the start-up
transient waveforms for two different values, βN = 0.95 and
βN = 0.78, with constant βP = 0.25, R = 0.25, and Vg = 5V.
The scenario illustrates how the peak inductor current during
a start-up transient may be limited (at the expense of longer
transient) by increasing the parameter βN . The second scenario
illustrates how a time-optimal transient [3], [4] may be achieved
by decreasing βN to a selected value for this particular operating
point.

B. Implementation With Adjustable β

Start-up transients with the adjustable β method are shown in
Fig. 17. In this case, βN = 0.875 and βP = 0.625 at the starting

Fig. 17. Experimental start-up transient waveforms with Vg = 5 V and the
adjustable β method. The transients are at 5-A load (left) and at 10- A load
(right). The signals, top to bottom, are the output voltage, inductor current, and
the switch control signal.

Fig. 18. Experimental step-up load transient waveforms with Vg = 5 V and
the adjustable β method. The transients are 0–5 (left) and 0–10 A (right). The
signals are, top to bottom, load change signal, output voltage, inductor current,
and switch control signal.

point, corresponding to the minimum values in (15) and (18),
respectively. The parameter βN is then updated using (14) and
βP is updated using (17). The experimental results show how the
transients are faster compared to the constant β implementation.
The output voltage reaches the reference voltage after only two
switching periods.

Fig. 18 illustrates step-up transient waveforms with the pro-
posed controller for 0–5- and 0–10-A load transients, under the
worst-case conditions. As in ideal time-optimal responses, the
output voltage goes back to regulation after only one switching
period in both cases. The steady-state voltage ripple is 50 mV,
and the switching period is 10 μs. These values are slightly
larger than the voltage ripple of 32 mV obtained from (32) and
the switching period of 9.6 μs from (37), respectively, because
of time delay effects. It should also be noted that the output volt-
age ripple and the switching period are slightly larger compared
to the constant β method. This is because the switching point is
closer to the reference voltage when the output voltage is less
than the reference voltage in the adjustable β method, which
makes the output voltage deviate further away after crossing the
reference voltage.

Fig. 19 illustrates step-down dynamic responses for 5–0- and
10–0-A load transients. The proposed controller achieves reg-
ulation in just one switching period, which is the same as with
the constant β method.

Experimentally measured state-plane trajectories during start-
up and step-load transients are shown in Figs. 20 and 21, respec-
tively. The controller achieves a start-up response with just two
switching actions and a step-load response with just one switch-
ing action.
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Fig. 19. Experimental step-down waveforms with Vg = 5V and the ad-
justable β method. The load transients are 5–0 A (left) and 10–0 A (right).
The signals, top to bottom, are load change signal, output voltage, inductor
current, and switch control signal.

Fig. 20. State-plane trajectory during start-up transient experiment in the
output voltage versus inductor current state plane with Vg = 5 V and using the
adjustable β method, the horizontal axis is the output voltage and the vertical
axis is the inductor current.

Fig. 21. State-plane trajectory during step-up and step-down load transient
experiments in the output voltage versus inductor current state plane with Vg =
5 V and using the adjustable β method, the horizontal axis is the output voltage
(ac coupled) and the vertical axis is the inductor current.

C. Transient Responses for Different Input Voltages

In order to test the performance at different input volt-
ages, a start-up transient with Vg = 10V is considered. In this
case, βN = 0.9375, which is the minimum from (15), and
βP = 0.125, which is chosen according to (17) at sM = 0 be-
cause Vref <

Vg

2 with the constant β implementation. For the
higher input voltage case, the controller requires a faster and
more precise voltage measurements because the output voltage
changes faster during the ON state, and a sensing noise is more
likely to affect switching transitions more significantly. In the

Fig. 22. Experimental start up transient waveforms with Vg = 10 V and the
constant β method, βN = 0.9375 and βP = 0.125. The transients are at 5-
A load (left) and at 10-A load (right). The signals, top to bottom, are output
voltage, inductor current, and switch control signal.

Fig. 23. Experimental start-up transient waveforms with Vg = 10 V and the
adjustable β method. The transients are at 5-A load (left) and at 10-A load
(right). The signals, top to bottom, are output voltage, inductor current, and
switch control signal.

prototype, δ = 7mV is chosen, while all other conditions for
the A/D converter and the FPGA implementation are the same
as in the Vg = 5 V case. Figs. 22 and 23 illustrate start-up tran-
sient waveforms for the constant β and the adjustable β meth-
ods, respectively, with Vg = 10V. One may observe that the
start-up transient waveforms are similar to the ones observed at
Vg = 5V. The steady-state voltage ripple is now about 100 mV
and the switching period is about 13 μs, which are larger than
55 mV and 11.7 μs calculated from (32) and (37), respectively,
because time delay effects are more significant given the higher
voltage difference between the input voltage and the reference.

VI. CONCLUSION

A SOSM control method is described in this paper and applied
to synchronous buck dc–dc converters. The proposed SOSM
controller is implemented digitally in the form of a relatively
simple state machine. The controller structure is described, to-
gether with state-plane analyses of transient and steady-state
trajectories. A hysteresis method is introduced to control the
steady-state switching frequency. By analysis and experiments,
it is shown that the proposed SOSM controller can achieve
stability, fast transient responses, and robust operation in the
presence of load disturbances and parameter uncertainties. The
approach does not require current sensing and does not rely on
an integral term in the control loop. Experimental results verify-
ing the controller performance are presented for a 1.25-V 10-A
synchronous buck dc–dc converter.
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