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Abstract

The DC buck converter plays a critical role in supplying unfluctuated DC load voltage, however, which is
exposed to various parametric uncertainties and disturbances operating under sensitive loads. This paper
proposes a composite backstepping control strategy with an extended state observer (ESO) for the buck
converter. Firstly, a backstepping control function is constructed to derive an inner current loop reference
assuming load disturbance is known, which renders the global stability of the system. An ESO is designed
to estimate the unmatched load current and collaborate with the backstepping controller to obtain
disturbance attenuation. Quantitative selection of control and observer gains are provided under the highly
nonlinear relationship of system dynamics. The rigorous stability of the proposed scheme is proved with an
analysis of robustness. Finally, simulation results illustrate the comparative performance of the proposed
control scheme against the disturbance caused by the load and uncertainties.
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DA-DA Algaltan Donusturuciilerin Uyumsuz Bozucu Yuk Altinda GDG Tabanli
Geri Adim Kontrolu

Ozet

DC algaltan donustirtculer dalgalanmayan DC yik gerilimi saglamada kritik bir rol oynar, bununla birlikte
hassas yukler altinda caligirken gesitli parametrik belirsizliklere ve bozucu etkilere maruz kalmaktadir.Bu
calismada algaltan tip dontstiriculer igin genisletilmis durum gézlemleyicisi (GDG) ile birlikte geri-adim
kontrol stratejisini iceren tiimlesik bir kontrol yapisi dnerilmektedir. ilk olarak, sistemin genel kararliligini
saglayan ve ylik bozulmalarinin bilindigi varsayilarak i¢ akim déngusu referansi Gretmek amaciyla bir geri-
adimlama kontrol fonksiyonu olusturulur.Daha sonra, eslesmeyen ylk akimini tahmin etmek ve bozulmayi
azaltmak i¢in geri adimlama denetleyicisi ile isbirligi yapmak lzere bir GDG tasarlanmistir.Kontrol ve
g6zlemci kazanclarinin secimi, sistem dinamiklerinin dogrusal olmayan iligkileri altinda saglanmistir.
Onerilen kontrol yapisinin kesin kararliigi, giirbiizliik analizi ile birlikte saglanmistir. Son olarak, dnerilen
kontrol yontemi i¢in yUkin ve belirsizliklerin neden oldugu bozulmalara karsi karsilastirmali performansini
gOsteren simllasyon sonuglari verilmistir.
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1. INTRODUCTION

DC buck converter is one of the most popular power processing units to change the input/output voltage
ratio of DC sources, which are widely applied in photovoltaic panels, renewable energy conversion,
portable equipment, electric vehicles, HYDC, motor drives, and industrial processes [1-6].

The DC buck converter is modelled with unmodelled dynamics such as parametric uncertainties and
disturbances. These unknown dynamics consist of time delay, parametric variation of passive elements, and
unmodelled effects of no-ideal switching elements. Besides, input voltage and load variations are
commonly encountered disturbances in the operation of DC buck converters. The main control objective
in power circuits is to reach the desired voltage level on the output under source voltage variation and load
resistor. To obtain satisfactory control performance, some of the linear approaches have been studied such
as cascade proportional—integral (PI) control [7], and proportional-integral-derivative (PID) [8].

However, linear approaches are designed on the small-signal model of the converter around the desired
operation points. Thus, only the local stability of the closed-loop system can be provided. When the DC-
DC converter system is subjected to large fluctuations far away from the operating point, system stability
may deteriorate. Furthermore, this leads to limited dynamic response of the closed-loop system.

To achieve a better dynamic response, various nonlinear control methods have been developed, such as
robust control [9-11], adaptive control [12—-14], sliding-mode control [15-17], intelligent control [18-20],
and disturbance rejection control [21-23].

Predictive control has excellent dynamic response at the expense of relative computational load [24].
Except, predictive control has the disadvantage of adjusting the weighting factor. Although sliding mode
control is robust to model uncertainties, it lacks the chattering phenomenon [25]. Repetitive control rejects
periodic disturbance, but it has a relatively long internal time delay [26].

The above nonlinear approaches are evaluated from different perspectives according to advantages and
sufferings, while they have two limitations in common. In one respect, they are insufficient to rigorously
provide the large signal stability of the system. For another, it only focuses on uncertainty and disturbances,
which take action on the same channels as the control law.

The large-signal stability of the system can be ensured with Lyapunov’s direct method theory, which is
designed based on a candidate Lyapunov function (V). In the conventional approach for Lyapunov’s, the
control law and pseudo-variables are designed to ensure dV/dt < 0 [27]. However, control law constructed
merely has a single current control loop [28]. When extended for the DC-DC converter regulation, the
output voltage is accompanied by steady-state error, which causes a slower dynamic response.

To solve this problem, [29] a virtual filter capacitor voltage is imported to the loop so that a two-loop control
stability can be implemented. However, with this approach, the negative definiteness of dV/dt fails, which
means the large-signal stability cannot be always guaranteed. It also makes load-current sensors mandatory
for practical application.

Adaptive control is developed in [30], which has dual control loops to obtain satisfactory steady state and
transient performance and also guarantee large-signal stability. Meanwhile, it obviates the use of load-
current sensors. However, to construct the Lyapunov function systematically, backstepping control
provides explicit rules that contribute to deriving the virtual reference states and control law within
simplified design steps [31].

Most of the previous work only considers disturbances and uncertainties that take on the same channel as
the control input which is called matched uncertainty. However, the output voltage of DC buck converters
is also disturbed by the so-called unmatched variations like output current, which causes great difficulty for
the robust controller design.

To address the mismatching problem, some variable structure schemes have been proposed such as sliding
mode control (SMC), adaptive SMC [32], and SMC with integral action [33]. However, these studies
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require definite disturbance bounds or first-time derivatives, which are hard to obtain due to the nonlinearity
of DC buck converter systems.

Extended state observer (ESO) could achieve an estimation of the variations and disturbances without the
knowledge of their boundary limits [34], which originally differs from the classical observers. It constitutes
an integrator's chain to make the system canonical form and separate the actual plant from the nominal form
plus a lumped disturbance. It lumps a wide range of uncertainties, including unmodeled dynamics,
parametric variation, and external unknown disturbance. Thus, it provides a model-independent framework
and a strong robustness and anti-disturbance ability.

Considering the limitations of the aforementioned approaches, this study proposes an ESO-based composite
robust control approach to regulate buck converter voltage, whose main contribution is summarized as two
points:

e The composite backstepping controller has a separate control structure, that could provide the large-
signal stability of the system.

e To compensate for mismatched load current disturbance, ESO is designed to feedforward it to the
backstepping controller, resulting in accurate tracking and rigid robustness.

2. SYSTEM DESCRIPTION AND MODELING

A basic pulse width modulated (PWM) DC buck converter is shown in Fig. 1. Where v, i, i,, v, and u
are input voltage, inductor current, load current, output voltage, and PWM input respectively. Mosfet (Q)
and diode (D) are used as switching devices for the converter. The resistor of the load, inductor, and
capacitor, which are the passive components of the circuit, are denoted by R, L, C respectively. The values
of the components are given in Table 1.

Table 1. Parametric values of DC-buck converter

L

}_H_I N Elements Parameters Values

= 0 T’ Dc source voltage Vs 20V

* Reference voltage v, 0oV
VT D  C== RV Filter inductor L 4.3 mH
- Filter capacitor C 1000 uF

Load resistor R 100
Switching frequency fs 10 kHz

Figure 1. DC-DC Buck converter

Ignoring the high-frequency dynamics of switching devices, the mean model of the DC buck dynamics is
derived as follows:

L di,
E = Uvs — Vg (1)
dv, . v,

C@H TR @)

The load resistance R is a major source of uncertainty and the variation in R causes the change of load
current lo, which is described as a disturbance for converter dynamics. For ease of representation and
derivation, the following equivalent substitution is carried out, given by

. VO .
X1 = Vo, X2 =1L, E =lg (3)
where (1) can be rewritten as
Ck; = X3 — 1 4)
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Lx, = uvg — x4 5)
The control aim is to keep the load voltage v, to a reference DC value. With the tuning of the PWM duty
ratio p, x; is forced to track its reference x;.

3. BACKSTEPPING CONTROLLER DESIGN
3.1 Derivation of Inductor Current Reference
Load voltage error is expressed as

71 =X — X (6)

The Lyapunov candidate function for the load voltage error can be selected as
1

Vl = EZ% (7)
Differentiating the Lyapunov function (7) alongz,, yields out that
Vl == lel (8)

According to (4) and (6), the full derivation of (8) can be derived as

. e . X1 9
V1=21(X1—X1)=Z1(X1——2C o) ®

The pseudo-inductor current-reference x; is chosen to ensure V; < 0, given by

x; = I, + k;Cz; + CX] (10)
where k- is a positive constant, which is used for the controller parameter (k,>0).
If x,is regulated to track x3, (9) will be reformulated as

Vi =—-kzZ<0 (11)
which becomes a negative semi-definite.
3.2 Derivation of Control Law
The pseudo-tracking error for inductor current is expressed as

Z; = X3 — Xy (12)

The second Lyapunov candidate function is composed of V; and quadratic inductor current tracking error,
defined as

1 1
V2 = EZ% + EZ% (13)
The time derivative of (13), is given as follows:
VZ = lel + Zzzz (14)
According to (9) and (12), a detailed derivation of (14) can be formulated as
. Xy —Zy) —1
¥ = [ - 2 - 5) (15)
To guarantee V, < 0, the control function can be chosen as
1 . L
u= V—S<X1 - LXZ + Ezl + kZZZ) (16)
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Where k, is a positive constant, which is used for the controller parameter (k, > 0). Substituting (16) into
(15), the second Lyapunov function becomes negative semidefinite, given by

2
. Z
V, = —k;z2 — k, TZ <0 (17)

4. DESIGN OF THE ESO TO ESTIMATE AND FEEDFORWARD THE LOAD CURRENTS FOR
LOAD DISTURBANCE REJECTION

Eqg. (10) shows that I, is needed to generate a pseudo reference x5 on the aim of load disturbance rejection.
Also load current sensor can be used to sense 1,,, however, it increases the cost and deteriorates the system
reliability. A better alternative, an ESO can be designed to observe I,for control input [12]. With the help
of the ESO observer, the proposed backstepping control law builds a nonlinear composite structure. Since
I, is unmeasurable in practice, an ESO for this type of control system can only be built using inductor
current I, as input and output v, of the system assuming that I, is differentiable w.r.t time and /, is bounded
[22].

In the proposed control aim is to implement an ESO to estimate /,, so that disturbance effect of I, can be
rejected. To design the observer, output voltage dynamics in Eq. (1) is augmented with I, and reformulated
as in the following state space form:

% = Ax(0) + Bu,(©) + Ef()
{ o) = Cpx(® (9
where,
0 1 1 0
an=ly o Bp—H G=[1 o E=[]
0
Yp = Vo up =1,

The corresponding ESO can be configured as follows:
R(t) = ApR(D) + By, (0) + L[y, (0 — 9,(0)]
= (Ap — LpCp)R(D) + Bpuy (D) + Ly, (D) (19)
Ip(0) = CpR(D)

where &(t) = [V, 1,] denotes the estimated state variable v, and I, and L, =[l 1,]T is the observer
gain matrix. The observation error x,(t) = [Xe1 Xe2]T of the ESO is

Xe = X(t) — X(t) (20)
and subtracting (19) from (18), we have

%o () = Dx,(t) + Ef(t)

o=[2 o} =[]
Observer parameters are selected such that D is Hurwitz with desired eigenvalues. Bandwidth
parametrization is a frequently used method for the observer gains [17],

s+ s+, = (s + wy)? (22)
with w, being the observer bandwidth. According to equation (20), observer parameters can be chosen as:

(21)
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11 = 2(1)0 ,12 = (DCZ) (23)

A common rule of thumb is used to select the observer bandwidth as w,= (2~5) w,,, where w,, is controller
natural frequency.

—SCNSOr

— lw,
0.2w,
E 0.1w,

Figure 2. The tracking performance of the ESO as w, varies

The tracking performance of ESO is shown in Fig. 2. It shows that choosing w, needs a trade-off between
controller bandwidth and disturbance sensitivity. When w, = 2w,, the estimated load current is almost the
same as the sensor output, however, when w, = 0.1w,, it takes a very long time to reach the sensor value.

4.1 Formation of ESO Based Backstepping Control

Then the estimated variables can be used to feedforward I, to generate inductor current reference x; as
follows:

x3 =1y + k;Cz; + CX} (24)

The designed control law, including the disturbance rejection term and the backstepping controller, can be
formulated as:
1 d .. L
u= V_S [Xl + EL(IO + Cklzl) + EZl + kzZz (25)

It has two dual control loops, which are the outer voltage loop z; and pseudo-inductor-current loop z,.
Voltage-loop control gain is k; and current-loop control gain k. A block diagram of the buck converter
controlled by the proposed control law is depicted in Fig.3.

PWM modulator compares the control signal u(t) with the triangle carrier wave to produce the switching
gate signal mosfet. Inductor current i; and output voltage v,are measured by sensors. Besides, there is no
need to measure load-current I, due to estimation.
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m
3 A il
£ _g —{L/C g Buck Converter
U L dij, T
—_— dt = Ubs o
% — IL _ E Vo
dt R
iL

Backstepping controller &

Figure 3. Blok diagram of ESO-based backstepping control for buck converter

To obtain quantitative controller gains, closed-loop error (z;, z,) dynamics should be constituted.
Substituting (16) to (4), it yields

Cxy =% — 2, — I, (26)
The inductor current-loop reference (10) is substituted into (26), which gives out that

7z, = —Kky2; +2,/C (27)
Similarly, the switching functions (16) is substituted to (5), which gives

z; = —21/C—kyz,/L (28)
Error dynamics in (27), (28) can be written in compact form as

z. = Kz, (29)

where z, = [z21 Z2]7, and

[k 1/C
K‘[—1/1c —k,/L

The characteristic equation of matrix K is derived as

k, >0, k,>0

k k;k
det(sI—K)=52+<k1+f)s+ 1L2+1/c2 (30)
Equation (30), demonstrate that closed-loop error dynamics turned into a typical second-order system. So,
the damping ratio () and the natural frequency w,, can be used as main indicators for tuning the controller
gains.

The parameters ¢ and w,, directly indicate the steady-state and dynamic characteristics of the controlled
system. The faster dynamic response can be obtained with larger w,,, which implies that state variables will
be regulated to reach their references with less time. While larger & provides more damping for the system,
which leads small overshoot while transient response.
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Initially, (30) equates to the second-order characteristic equations, given by
det(sl — K) = s? + (2&wy)s + w2 = (31)
Eq. (31) has two solutions for, described as sy :

S12 = —fwnt wyy/8 -1 (32)

where & and w,, are derived as

_ CLk; + Ck,
2,/k;k,LC? — 12

(33)

TSOSSSS SOSSSSTSSS
SOCSICITSIC SIS ITSICS S
SIS SSIOSICSISISSITSS SISO
SOOI CSSICS IS SOSSOSITS TSI
DS S PSS S SSISS IS IS S S TS
o oS

T2 x 10
0 0 1 kl

Figure 4. Natural frequency w,, as k; and k, increases

1.5 .

0.5

sl
100

Figure 5. Damping ratio & as k; and k, increases
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Fig. 4 and 5 depict the variation of ¢ and w,, with the increase of k; and k, according to (33). It shows that
¢ and w,, have a highly non-linear relationship with k; and k,. Although, control parameters k; and k,
can be estimated from Fig. 4 and Fig. 5 it is hard to select ¢ and w,, simultaneously. A better alternative is
making a trade-off between settling time and overshoot during transients, where ¢ is the fixed optimal
damping ratio.

CLk, + Ck, V2

= =—=10.707 34
2/k.k,LC2—12 2 349

After mathematical transformation (34) can be rewritten as,
k? k3
1 _+ 2 =1
(z/¢)"  (vaL/c)

Where k; > 0 and k, > 0. Certainly, an equivalent parametric Eq. (36) can be expressed in the
trigonometric aspect as,

(35)

V2
k, = Tcose k,
Where, 6 € [0, 1t/2 36
VL . [0, /2] (36)
=Tsm6

Under this condition, the controller parameters (k4, k,) can be determined optimally,

1
k, = \/ECOSG/C'G_E ==
- C (37)
L
k, = V2Lsin8/C|,_n = -
4

C
5. STABILITY

In this section, the stability of the ESO and the controlled system is analyzed. From (21), it can be seen that
it is always possible to choose the observer constants I; and I, such that the eigenvalues of D can be placed
in the left half plane. Thus, we can always define a positive definite matrix P such that.

DTP+PD = —Q (38)

for any given positive definite matrix Q. Assume that, Am is the smallest eigenvalue of Q. Defining a
Lyapunov candidate

Vo = xe' Pxe (39)
Then derivating along V, along (21)

Vo = X T(DTP + PD)x, + 2%, TPEf

< —Xe Qxe + 2IIPE[|lIxlln

< —Amllxell? + 2[IPE[l]xe[ln

< —lIxellAmllIxell + 2||PE[|p)

(40)

It can be concluded from (40) that as time goes to infinity, the estimation error is ultimately bounded by

lIxell < 24 (41)
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Where,
2||PE|
M =—— (42)
Am

Lyapunov function for the controller V, is evaluated to prove the stability of the closed-loop system around
(27), which is given by

V. = 2.z, (43)
The time derivative of (43) is given by

V, = ZCTZC + 217,

= ZCT(KT + K)ZC

-2k 0
_ T 1
‘ZC( 0 —2k2/LDZC

which proves that system stability is not affected by L, C if k,, k,>01.

(44)

6. SIMULATION RESULTS

In this section, the performance of the designed control law is simulated in Matlab in Fig 6. The
conventional backstepping strategy, the ESO-based backstepping, and Pl control methods are compared in
terms of transient and steady-state response. The classical PI control unit is demonstrated by Eq. (45). For
the ESO-backstepping, an extended state observer collaborates to estimate the unmatched uncertainties and
load current. Control performance may vary concerning the parameters for many controllers. Therefore, to
obtain a fair comparison between test controllers, the parameters of the three controllers have been tuned
for their optimal response. The simulation aims to control the output voltage of the buck converter at
reference in the condition of uncertainties and also to ensure the controllers track a desired reference
voltage. The converter component and controller gains of the buck converter are summarized in Table 2.

Upi = kpzq +k; j Zq (45)

Software PWM Module (Hardware)

PWM Output
Comparator

1

1

1

1

1

» 1
TOP x d write { Register | ﬂ_l_l_ 1
!
1

1

1

1

1

!

TOP ——=
J_J_r,-‘-LLL(‘nunlcr\‘.lluu

ADC Gate PULSE WIDTH
F e e drive MODULATION
State of SW|
OFF ON OFF ON OFF

1

1

1

1

1

1

2 N

Papc Ppc I Papc [ MATLAB

i 1

1

1

1

1

1

Current ( l¥ < ,L i :7:1 ;.AL.’ L'A/, - ,L -

Figure 6. Block diagram of simulation setup
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Table 2. Controller gains for buck converter

Control methods Parameters
Backstepping k, =103 k, = 4.7
ESO 1, = 5x10* 1, = 8x10°
PI k, = 10, k; = 5000

6.1 Case 1: Variation of the Load

To evaluate the robustness against load variation, the resistance R is dropped from full load to half load at
t = 3 s, and the results are simulated in Fig. 7. while keeping nominal source voltage v, at 24 V and Vref
at 10 V, It can be seen that both ESO-backstepping and backstepping achieve good robustness against the
load changing compared to the backstepping, the ESO-backstepping dynamic performance is better with
fast transient response and less overshoot. However, in the classical Pl, a large steady tracking error
prevents it from reaching the desired output voltage. In addition, the ESO-backstepping is observed superior
disturbance reduction compared with the other schemes. Both the ESO-backstepping and backstepping
achieve a true estimation of the unmatched uncertainties, but the ESO-backstepping response is faster than

other schemes.

=g 110

o PI §

5 backstep

— ESO-backstep

0 1 2 3 4 5

Time (s)
0.6
0.4
= e — Pl
:2 backstepping
=02 ——— ESO-backstep
0 [ A A A A
0 1 2 3 4 5
Time (s)
S 100
= 50f
Q
~ 0

0 1 2 3 4 3
Time (s)
Figure 7. Buck converter with half load change

6.2 Case 2: Variation of Source Voltage

The input voltage v, is changed in a step and drop fashion from 20-24-16 V while keeping load resistance
as nominal and setting Vref voltage at 10 V. Keeping the controller configuration constant, simulated
controller results are shown in Fig. 8. Until t = 4 s, it is observed that the backstepping and PI reach the
reference output voltage, which means the robustness against to the matched uncertainties is verified.
However, at t = 4 s, the output voltage of backstepping and Pl have a large steady-state error because the
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control gains of the two controllers are insufficient to prevent the magnitude of disturbance. In the condition
of input voltage variation, the ESO-backstepping achieved a 10 V output voltage again with a short-term
transient.

15
e 10 s
= -y B
v 8 backstepping
—— ESO-backstepping
0 . .
0 1 2 3 4 5
Time (s)
0.6
- PI
= 0.4 backstepping
= —— ESO-backstepping
=02 L 1
[ v
0 i ” ; .
0 1 2 3 4 5
Time (s)

Figure 8. Buck converter with step change of input voltage

6.3 Case 3: Reference Voltage Variation

Next, the desired voltage is changed between 10 and 15 V in step, ramp, and sinusoidal form. Starting with
15V reference voltage and then it is dropped to 10V at t=0.5s. Also, ramp and sinusoidal reference voltage
are changed between 15 and 10V. From the results shown in Fig. 9, it can observed that the ESO-
backstepping and backstepping could exactly track the variable voltage while it has a steady state error in
the order of 0.13 V. Compared with the backstepping, the ESO-based backstepping oscillates with small
magnitude and has shorter transient response.

6.4 Case 4: Continuous Load Resistance

To evaluate the performance of the proposed control method with time-varying disturbance in continuous
variation, the load resistor is set as R = 20 sin (0.5xt). The controller configurations remain the default
value, the simulation results are given in Fig. 10. It can be seen that ESO-backstepping achieves high
disturbance rejection against the continuous variation of load with faster dynamic response and zero steady-
state error. However, backstepping has a 2.3% steady tracking error. The Pl is insufficient to track the
reference output voltage due to the high oscillation and 27% steady-state error.
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15
10
A IR M T ittt st
OD 012 014 0.‘6 018 1
time (sec)
(@)
10}
5 -
0 1 I
0 0.2 0.4 0.6 0.8 1
time (sec)
(b)
15
10} :
5 L [FesEEsEes e 4
o ‘ . i i
0 0.2 0.4 0.6 08 1
time (sec)
()

Figure 9. Buck converter with step change of reference
voltage () step (b) ramp and (c) sinusoidal
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10 /\
. N

vo(V)

5 backstep |
——— ESO-backstep
0 . . . .
0 2 -+ 6 8 10
Time (s)
0.6 T r T T
— Pl
0.4 backstep 1

——— ESO-backstep

Time (s)

Figure 10. Buck converter with time-varying load

7. CONCLUSION

In this paper, an extended state observer-based backstepping control approach is implemented to a buck
converter, to provide a steady DC bus voltage. The ESO-backstepping is designed for the estimation of
unmatched load current. Then, a backstepping control law is consolidated with the estimated load current,
which makes the robust control law. Simulation results display the performance of the proposed control
scheme, with a fast transient response, zero steady-state error, and robustness against uncertainties and

disturbances.
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