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Abstract—The output voltage regulation problem of a PWM-
based DC-DC buck converter under various sources of uncerta-
ties and disturbances is investigated in this paper via an dpmized
active disturbance rejection control (ADRC) approach. Aiming
to practical implementation, a new reduced-order generalied
proportional integral (GPI) observer is first designed to esimate
the lumped (possibly time-varying) disturbances within the DC-
DC circuit. By integrating the disturbance estimation information
raised by the reduced-order GPI observer (GPIO) into the ouput
prediction, an optimized ADRC method is developed to achiev
optimized tracking performance even in the presence of disir-
bances and uncertainties. It is shown that the proposed corller
will guarantee the rigorous stability of closed-loop syste, for any
bounded uncertainties of the circuit, by appropriately chasing
the observer gains and the bandwidth factor. Experimental esults
illustrate that the proposed control solution is characteised by
improved robustness performance against various disturbaces
and uncertainties compared to traditional ADRC and integra
MPC approaches.

Index Terms—DC-DC buck converter, active disturbance re-
jection control, optimized disturbance rejection, reducel-order
GPIO, circuit uncertainties and disturbances.

|. INTRODUCTION

Rapid developments in smart grid and renewable ener
favoured extensive utilisation of DC-DC buck converters i

various types of dc voltage regulation, e.g. in high voltdge
(HVDC) transmission, in adapters of electric devices, in

input voltage variation, circuit parameter perturbation 1],
[14]. For example, the line voltage of HVDC transmission-sys
tem is dependent of collected distributed generators aaslo
which causes input voltage variation of grid connected DC-D
buck converters. Another example is the connected loads to
adapters of electric devices that sometimes have diffeesig-
tances [15], which is an important uncertainty factor fotpuu
voltage regulation. In addition, the magnetic charadiess
of an inductor are usually nonlinear and uncertain esggcial
under cases of large magnetic flux density in the ferromagnet
core of the converter circuit. The electro-magnetic irgeghce
produced by the switching actions of semiconductor such as
switch transistors, diode, variable frequency transfaraigo
causes external disturbances for the converter contrad Th
various uncertainty factors inevitably degrade the qualitd
efficiency of power conversion, and consequently imposatgre
challenges on higher-performance output voltage reguraif
DC-DC buck converters.

Controlling such devices, Proportional-plus-Integral) (P
controllers have been traditionally utilized due to theéins
plicity in implementation but with limited control precsi
especially in the presence of large disturbances/unoggai

35]. Advances in computational power availability of new

eneration of hardware devices enable practical impleaent
tion of modern advanced control approaches, i.e. slidiogten
ntrol [5], [7], [9], [10], [14], geometric approach [8]pbust

motor drives, in the automotive industry etc. [11]-[13].ifBe control [4], [16], adaptive control [6], disturbance rejea

one of t_hg most crucial components i_n power conversio&)mro' [15], [17], and receding optimization control [§1.8]
the precision of output voltage regulation in DC-DC bucloq; 4 enhance the control performance of DC-DC buck con-

converters is of particular importance to enable satisfgct

verters. Among them, receding optimization control (RO&3 h

performance of connected loads or devices [1]-[3]. HOWeVE 5 teq considerable attention in the field of power ceeve
accurate control_ ofa DC'DC buck power converteris a ra‘th@{)ntrol, attributed to the many advantages of its contrgbal
challenging design exercise due to the following two MajQfhmic capacity guaranteeing optimized fast dynamicki

reasons: (i) it is intrinsically a hybrid system given the-fr
qguently switching mode of the circuit, (ii) the voltage réau
tion is subject to undesirable effects of the various dixaces

and other system uncertainties, e.g. load resistance eharig,
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responses to reference mutation, uncertain nonlinesétnel
undesirable disturbances [19]. Still within ROC, steathtes
errors (SSE) raised by disturbances/uncertainties anessked
employing integral action in the controller design [18].
Hence, SSE removal is realized at the price of sacrificing
other control performance of the closed-loop system, due to
the integral term interacting with other performance atpec
such as transient behaviour, tracking, robust stabilitg an
performance [30], [31].

Therefore, it is of great importance to develop a controller
that achieves optimized control performance of DC-DC power
converters even in the presence of disturbances and uimeerta
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ties. A promising way to address this is by introducing an ] , mlL ,
observation of disturbance into the controller design [B2%- = VI L T ! T
turbance rejection control (DRC) offers a potentially aulva W

tageous technique to obtain outstanding disturbancetiajec Vm@) e | VD c= V% R Vo
and robustness performances in DC-DC power converters. Ac- T

tive DRC (ADRC) is one of the most popular DRC approaches i - i

due to its intuitive concepts and simplicity for implemetida,

while requiring the least amount of plant information (i.erig. 1. The circuit diagram of a DC-DC buck converter.
only the system order should be known [21]-[23]). To date,

ADRC has been extensively applied to practical systems such

as AC servo motors [24], MEMS gyroscopes [25], fast tool II. PRELIMINARIES
servosystems [26], robotics [27], antenna systems [28] and )
gasoline engines [29]. A. Dynamic Models of DC-DC Converters

In this paper, an optimized ADRC approach is proposedA generic PWM-based DC-DC buck converter comprising

. i I PWM i I
for the output voltage regulation of DC-DC buck converter% dc input voltage source,, a gate drive controlied

without adopting integral control action. Rather thanizitig Switch VT, a diodeV D, a filter inductor, a filter capacitor
traditional GPIO [24], [33], a new reduced-order GPIO ig:/i:;cs)ad resistor is shown in Fig. 1. The dynamic model is

firstly constructed to estimate the state and also the time

varying uncertainties and disturbances simultaneousbth B dvo(t) = iz'L(tf) - LUo(ﬁ)a
the state and disturbance estimations are then introduoed f dz’dt(t) ? C]f (1)
L

output voltage prediction via Taylor series expansion. An = —pu(t)Vin — =vo(t),
optimized ADRC law is finally derived by solving a receding dt L L

optimization problem. The utilization of a reduced-ord€tIG wherei, is the average input current, is the average output
in the optimized ADRC design provides a current sensorlesapacitor voltagel? is the load resistance of the circuif, is
mode to address the disturbance/uncertainty attenuat@ p an input voltagel[ is a filter inductance(' is a filter capacitor,
lem of the DC-DC buck converter, while exhibits the follogin and the duty ratiqu(t) € [0, 1] represents the control signal.

noteworthy characteristics: The model in (1) can be also re-arranged as follows
d?v,(t) 1 duo(t) 1 in
1) In the best knowledge of the authors, this is the firsttime gz — or a~ or'e® taprd- @

a rigorous stability analysis of the interconnected clesed . .
loop of the DC-DC buck converter is presented, whiclfloreover, the reference output voltage is definedds) =

ensures asymptotic stability and robust performande: @nd the output voltage tracking error is definec-@$ =

even in the case of both system state-dependent alf?&t) *”T@'_ o ) .
control input-dependent uncertainties. The objective of work presented in this paper is to design an

2) A novel reduced-order GPIO that is one order lowgtPtimized ADRC algorithm such thai(t) — 0 ast — oo in
than existing GPIOs is proposed. This admits the abiliff!® Presence of various uncertainties such as load resestan
to higher-order disturbance estimation, while -similafh@nges, input voltage variations, circuits parametricesn
to traditional ADRC - requires limited information of {@inties and other external disturbances.
model and parameters (namely only the nominal values
Szil;;\gg)t. voltage, filter inductance and filter capacitop Benchmark ADRCs

3) An optimized ADRC approach is proposed by integrat- The nominal values o¥j,, L andC are denoted aBio, Lo
ing the estimates by reduced-order GPIO into outpand Cy, respectively. The DC-DC buck converter dynamics
voltage prediction. The optimized tracking performancg) are hence re-arranged as follows
and robustness against disturbance and uncertainties per-

formed separately by assigning optimized feedback con- o(t) = f(vo(t), 0o(t), u(t)) + bop(?), 3)
trol parameters and observer gains, respectively, whl\gvtig1 (€ f(Vo, Gos 1) = a1ty + i + (b — bo)u denotes the

addresses the coupling between system performance an4. S . N .
Ping Y P ?umped uncertainties including variations of load resist&a
controller parameters.

and input voltage, inductance and capacitance uncegaijnti
and other unmodeled disturbances such as EMI of the con-
The newly proposed optimized ADRC is implemented on afgrter, with
NI LabVIEW-based real-time control test setup for validati _ :
. . o Vin o Vino _ 1 _ 1

purposes. The experimental results illustrate that thegsed b=——,bo=—-7, a1=—F77, 2= ——5.

L . CL CoLg CL CR
control approach exhibits superior robustness performanc
against various disturbances and uncertainties comparedrt the context of traditional ADRCs, an Extended State
traditional ADRC and integral MPC approaches. Observer (ESO) for the above converter system is designed
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as [21] )

Cl = *LI(CI - vo) + 427

G = —12(C1 — vo) + G5 + bop,

(3 = —3(C1 — o),

{)o = Clv f)o = 427 f: <3a
wheres; (i = 1,2,3) are observer gaingy, v, andf are es-
timations ofv,, 0, and f, respectively. Similarly, a traditional

4

disturbance-based estimator [45]. A major difference lestw
GPIO and other types of disturbance estimators is that GPIO
can estimate both the perturbations and the derivatives of
the perturbations. The reason for utilizing GPIO here isttha
the estimate of the derivative of perturbations can be used t
improve the prediction accuracy within the predictive aoht
algorithm.

The observer estimation errors are defined-as- Dy — Vo

full-order GPIO for the converter system is designed as [24]; = f — f andes = f — f. Combining the DC-DC converter

G =—u(l —vo) + o,

o = —12(C1 = vo) + G + bop,

G = —13(G — vo) + Cu, (5)
G =—u(C1— o),

o= (1, o =Ca, =03, f=C4,

where; (i = 1,2,3,4) are observer gaing,, 0,, f and f
are estimations of,, ©,, f andf, respectively. The traditional
ADRC laws based on the above two observers are gener
designed as follows [21], [24]

plt) =~ [B1 (0olt) = 0n(0) + Raiiot) + F6)] . (6

0
wherek; andk, are feedback control gains to be designed
1. OpPTIMIZED ADRC
A. Controller Design

1) Construction of the Reduced-Order GPI@o enhance

: 2

dynamics (3) with the observer dynamics (7) we have

€y = —fie2 + €3,
€3 = —faca + €4, (8)
€4 = —fzea — f.

2) Design of Optimized ADRCSince most optimal control
approaches do not directly impose disturbance/uncertéon-i
mation into the optimization problem, we utilize an output
predictive approach for the development of the optimized

aﬁERC approach. The design of the proposed approach is
r

formed by the following three steps:
Step 1-Define of Cost Functioithe cost function to be
optimized for the DC-DC buck converter is defined as follows

Tp
/ [(80(t +7) — 80 (¢ 4+ 7))?

0

+p(At +7) = fir(t +7))°] dr,
whereTp is the predictive periodj, (¢t + 7) is the predicted
output voltagep, (t+7) is the desired future reference output
voltage, /i(t + 7) is the future duty ratio to be determined,

773 (©)

estimation precision and also enable easier practicaleimphr(t + 7) is the corresponding future duty ratio to achieve

mentation, a new reduced-order GPIO rather than ESO d@sired@,.(zf + 7), andp is a positive real number weighting

traditional ADRC is constructed for the DC-DC buck convertepn the control input, respectively.

as follows Step 2-Output Voltage PredictioNoting that the input
29 = —B1(z2 + B10o) + 23 + Bavo + bopt, relative degree of the DC-DC buck converter is two, the feitur
25 = —Balza + B100) + 24 + Bavo, output voltagey, (t+7) is predicted by Taylor series expansion

—B3(22 + P1vo),
o = 22 + P10, f: 23+ Bovo, f = 24+ B3vo,
where3; (i = 1,2,3) are observer gaing; (i = 2,3,4) are

state variables of observaer,, f and f are estimations of,,
f and f, respectively.

@ 2hr
pl2+7]

1
(2"’7‘)! o (f’)’ ( 0)
wherer is the control order (see [34] for detailed definition).
It should be noticed that the output prediction approach in
(10) is different from many existing continuous prediction
approaches such as [35]-[37] in the sense that the control

Remark 1. It can be seen from (5) and (7) that the signalorderr is restricted to be one therein, while could be larger

. and  can be estmated by bom tadional GPIO and % 1 1 redeive spprench n i per The ot
the presented reduced-order GPIO. However, the sigfal g yorp

can not be estimated by the ESO in (4). Clearly, GPIOs (g ntrol sequence (also known as decision variables) b

and (7) do estimate the derivative of lumped disturbances, q y
while the ESO (4) does not. On the other hand, the order of fi(t) [/l(t), ﬂ(t)r

reduced-order GPIO (7) is three, which is one order lower

than the traditional GPIO (5). Such a reduced-order featur&o facilitate the implementation, we set= 1 for the DC-DC
shall facilitate the practical implementation to some exte buck converter here.Therefore, the estimations of highder
erivatives of the output voltage under consideration & th

isturbances are calculated by

Z4 =

Vot +T) = o (t) 4+ T0o(t) + -+ +

ability for higher-order nonlinear systems [34]. Defie t

Remark 2. It is noted that there are many other types oﬁ
disturbance estimators [46], such as high-gain ESO [39],

[40], sliding mode disturbance observer [41], [42], distur Eo(t) = boju(t) + F t), (11)
bance observer [38], unknown input observer [43], uncer- ~
tainty and disturbance estimator [44], and equivalent ihpu o (t) = bofu(t) + f(t) (12)
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Based on the estimations of, in (7), o iN (11) and?’, in

Taking the first row of the optimized control law (21), the

(12), the output voltage predictiai, (¢t + ) under the control control law to be applied to the plant is given by

sequencegi(t) is approximated by
-~ ’7'2/\ T3 o
Dot + T) =0o(t) + 70, (t) + gi)o(t) + yvo(t)
=T (1)U (t) + X (1)),

where

N R N 2 T . R T
X(t) = [uo(8), 50), f(8), f1)] . O@) = [0,0,b0T ()]

Step 3—Receding Optimizationhe reference signal and the

control input can be written as

bor(t +7) = T(T)Yr(t), (14)
fult +7) = F()a(t), (15)
and
fur(t+7) = F(7) it (2), (16)
whereY (t) = [vr(t), b (1), 5 (1), v,(1)] ", F(r) = [1,7] and

fin (1) = [ﬂ,.(t),ﬁ,.(t)} . According to (3), the variables, (¢)
and/.,.(t) are defined as

'U'r‘(t) — f(t) ©

fie(t) = LS () = SRS A

i (t) :C;tﬁ*a (22)

(13) whereC, = [1,0].

Since the reference voltagé. is a constant, the resultant
optimized ADRC law is given by

1

W0 = = o [k (olt) = vr(0) + katolt) + F(1)] . (23)

where 0, andf are generated by the reduced-order G-

PIO (7), and K =
_ —1

T+ -,)%]?) 7,1 . The following lemma plays a key role
in stability analysis of the presented control approach.

[k1, ko] is the first row of matrix

Lemma 1. The presented control law (23) with assigned
control orderr = 1 ensures that the characteristic function
P(s) = 8% + kos + k1 is Hurwitz stable.

Proof: With the definition given in (23), the control gains
k1 and k. are calculated as
_ 15T2O3(T;bE + 420p)
- T3bg + 1224pT 203 + 15120p%
B 67263 (1, b5 + 7560p)
- TEbE + 1224pT 403 + 1512002

kq

(24)
ko

Since both the weighting factgr and the prediction period

By virtue of (13)-(16), the performance index (9) is X7 are positive constants, the characteristic functiofs) =

pressed as follows

1 [t A
J=3 / (TO(E +T =122
0
+p (" = Al ) FH0)F(r) (i — )] )
= X 0T Y TR 40 -,
1 . — . .
+op (" =) F (= i),
where
_ Tp _ Tp
T = T ()T (r)dr, F = F T (r)F(r)dr.
0 0
Matrix 7 is partitioned in the following sub-matrices
_ [T T
lER]

where the sub-matrices are all with dimensior2of2. Taking
partial derivative ofJ with respect toi gives

aJ
—= =bo

55 =00 [Tl Tl (X = Y0) + Q3T+ pF)ji = pFits

=bg [7-2—{7 T + P]i—/b(ﬂ (X —Y,) + (05 Th1 + pF)ia
(20)

Letting 8.J/0ji = 0, the optimized control lawi* is obtained
from (20) given below

bg

—1
<7—11 + ﬁ}—> EI;IQX2] (X *Y;") (21)

52 4 kgs + k; is always Hurwitz stable. This completes the
proof. |

Note that the proposed control approach needs few numer-
ous computations for practical implementation. Indee@, th
presented controller consisting of (23) and (7) is ratheictze
and straightforward for implementation in the sense that th
control law (23) acting as a common linear feedback control
law, while (7) serving as a third order linear observer. The
control structure and the implementation block diagranhef t
proposed optimized ADRC method for DC-DC buck converter
are shown in Figs. 2 and 3, respectively.

B. Stability Analysis

Combining the DC-DC buck converter dynamics (3), the ob-
server dynamics (7), and the control law (23), the closeg-lo
system dynamics are governed by the following expression

€+ kol + ke = —e3 — kaeo, (25)

where 5 and 3 given by (8) are state and disturbance
estimation errors of the reduced-order GPIO (7), respelgtiv

Remark 3. Similar to most of the existing disturbance
estimator-based control approaches, see [23], [30], digbof

the closed-loop system (8) and (25) could be easily estadulis

if the lumped disturbanceg satisfy the condition of = 0.
However, the lumped disturbance is an uncertain function in
terms of the states of the system, and rigorous stabilithef t
closed-loop system is a rather complicated task.
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Fig. 2. The control structure of the DC-DC buck converterenttie proposed 3
optimized ADRC control approach.

where
w = (b—"0bo)/bo,
b, = —kiwi+ kikowo,
8ey = —hkowy + (k2 — k1)wa,
by = —kow + (k3 + koff1 + B2)w2
—p (k2(BF — B2) — B1f2)
8ey = —w1+ pp (k21 + B2),
0ey = —w2— [pka,

with w1 = a1 — /Lbkl, Wy = Ay — ILLka.

Definen, = w?eq, N3 = wesz andn, = 4. Collecting the
tracking error dynamics (25) and the observer error dynamic
(8), the closed-loop system is given below

0 1 €+ 0 0 0
—kl _kQ —k2w2 —1/0.) 0 7’7

Ag Be
________________ -8 1 0
v, Optimized | ﬁ—l
g Aoic” | i=w| = 01y
— | — — —
| i rwar] [ peme %) YB3 — 182 —pfa 0
| I Drive Converter
| | Ay
: l 0 0 0 (28)
: Reduced-Ord: : Volt: + 0 0 U
o educed-Order oltage
: Vo(t) GPIO : Measure%nent L T2 (W) T3 (W) _684
e E,
Fig. 3. The implementation block diagram of the DC-DC buckweoter 0 0
under the proposed optimized ADRC control approach. + 0 0 &,
| —0e; O,
—_— ——
B,
In this section, we attempt to establish rigorous stabdity
the closed-loop system with general lumped disturbafice where¢ = [e1,ea] ' = [e, €], 7 = [12,73,74) ', and
The result is summarized in the following theorem.
Ta(w) = (ke —_k%zUQ — kgiUgw)/EuQ

Theorem 1. Consider the closed-loop system consisting of
the DC-DC buck converter system (1), and the proposed

+(pok2 37 — pvkaBa — w@2f2),
m3(w) = (@1 — pkafrw)/w.

optimized ADRC law (23) with the reduced-order GPIO (7).

The observer gains are designed @s= w'3; for i = 1,2,3
wherew > 0 is an observer bandwidth factor to be aSSigneqnequalities (26),
and ; is selected such that the following inequalities hold foétable, indicating
anyy, =b/bg > 0, i.e.

With a choice of observer parametefs satisfying the
it can be shown that matrly, is Hurwitz
that there exists a symmetric positefnite
matrix P, such that

B1 >0, B2 >0, A} Py 4 PyA = —2I5,3. (29)

_ _ _ (26)
2—2 < <(2- )
( WhBe/ s < By < (2= )PrBa/m It follows from Lemma 1 that the predictive control law (23)

ensures thatl; is Hurwitz stable. Consequently, we also have

The rigorous stability of the closed-loop system can be guo-ar that
teed by choosing sufficiently large observer bandwidthofact

w.

Al Pe+ PeAg = =215, (30)

Proof: First, combining the plant dynamics (3), the obwhere P is also a symmetric positive definite matrix.

server estimation error (8) and the control law (23) with  Define a composite candidate Lyapunov function as follows
the dynamics off is governed by

1 1
) V(En) = 3¢ P&+ 50" Py (31)
f :(5616 + (562é + 552 (51, 52)82 (27)
+ 0c4(B1, B2)es + O, 84 + P32, Taking derivative ofV(¢,n) in (31) along the closed-loop
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External~

system dynamics (28) gives Ir Controller | Dpata | Physical Circuit :

. | Bus
VEn) =—|I€]? —wlnll® + €T PeBen : pCLabviEW] | : PWM | | DC-DC buck ||
ToT 1 T T | i I | Driver converter |
+¢ BnPnU+§77 (B, Py + PyEn)n | | | 7 :

| Voltage
< — (€l = wlinll® + 117 /4 + || PeBel|*||nl|* (32) : v | : Sensor | |
Real - Time
+ ||€||2/4+ HB;;PWHQHTIHQ | Nliollgpact - I pol—] InformationA—I :
1 T 9 | I | Collection |
+§||En Pn+PnEn||'H77H >

< —llEN*/2 = (w = w)lInl%,
wherew™ is a sufficiently large positive constant regardless of
w, determined by

% 1
W > | PeBe|l* + 1By Pyll* + 51 By Py + Py By
Hence, for anyw > w*, the following holds

. 1
Vi) < —min{ 50—} (112 + Inl?).

(33)
< = V(&)
where~, > 0 is determined by
B min {1, 2(w — w*)}
" max{)\max(Pg), )‘maX(P")}7 Fig. 4. (a) Configuration of experimental setup, (b) Phaipbr of the

With Amin(e) and Amax(e) representing the minimum and®Perimental prototype.
maximum eigenvalues of matrik This completes the proof.

rejection performance and measurement noise attenualtion.
Remark 4. In most of existing ADRCs, the extended statgidition, the existing noise attenuation approaches sugh a
observer is used to estimate the lumped disturbances imgudKalman Filter could be combined with the presented approach
uncertainties. However, it is not clear how large amount ab simultaneously enhance disturbance rejection and noise
uncertainties can be handled by a designed ADRC law. #itenuation performances.
this paper, we propose a new approach ensuring qualitative
robustness performance of the presented reduced-ordeDGPI
based control approach. As indicated in Theorem 1 in the pa-
per, the qualitative relationship between controller pareters
and circuit parameters ensuring stability is established. The experimental test setup configuration and prototype are

.depicted in Fig. 4, comprising a DC-DC buck converter,a NI

Re_mar_k 5 Th_e structure_c_Jf the optimized ADR.C law (23.) I%:ompact RIO (embedded monitoring and control platform: NI
quite similar with the traditional ADRC law (6) with the gain 5y, 1178 \| R Series Multifunction RIO: NI PXI-7853R, NI

f1 and k, determined by the optimized design, which alsg. .\ vy Real-Time Module 12.0), a PC-LabVIEW2012, a
indicates that the presented control law has a similar efficy - : '
programmable desktop laboratory DC power supplies (EA-PSI

on controller operation in comparison with the traditional i .
ADRC method. As clearly shown by (24) the optimized contr%?oo 20 2U), a voltage sensor (VSMO25A), etc. The nominal

ainsk, and k, are functions of the predictive peridt and values of the parameters of the DC-DC buck converter are
9 L 2= P P 7 listed in Table I. The wordlength of the voltage AD converter
control input weighting factop. The purpose of the OIOtImlzedis 16 Bits in the experimental test setup. The control atbaori
design is that the parametefEp and p in the performance .

index (9) is directly related to the tracking performance is discretized using the basic forward difference approach

closed-loop system. For example, the param@etetermines he controller updating period is 0.1 ms, and the sampling

the transient performance (fast or slow), and the param terfrequency for the experiment 5 = 10 kHz. The converter is
P . e P P controlled by a basic PWM gate drive; that is, the PWM driven
can be tuned to penalize the excessive control energy.

signal is generated by comparing the duty ratio signal with a
Remark 6. Theorem 1 reveals that it is necessary to agriangle wave signal. The fixed PWM switching frequency is
sign a larger bandwidth factotw to gain more emphasized fpum = 10 kHz.

robustness/disturbance rejection performances. Howdtier  To evaluate the performance improvement of the proposed
measurement noises will be amplified by the observerig optimized ADRC method and enable fair comparison with
too large. Consequently, from a practical application gers- conventional approaches, instead of assessing the power ci
tive, the bandwidth factow of the observer should be appro-cuit specifications that extensively used for circuit tamyl
priately selected to trade off between robustness/disiutb and parameters design and analysis, two benchmark control

IV. EXPERIMENTAL IMPLEMENTATION AND
PERFORMANCEVALIDATION
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TABLE | .
PARAMETERS OF THEDC-DC BUCK CONVERTER The experimental response curves of the output voltage and
the duty ratio under the proposed optimized ADRC, tradélon
Parameter Symbol | Value ADRC and integral MPC approaches are shown in Fig. 5.
Input Voltage Vino 100 V _ ; At .
Reference Output Voltagé 1} ey 2) Case ll-Robustness _Aga|_nst Input Voltage_ Vgnanons.
Inductance I 10 mH Here the robustness against input voltage variations of the
Capacitance C 1000 pF proposed method is tested. The input voltage is take to vary
Nominal Resistance Ro 50 Q2 as follows
100 V (= Vino), fort € [0, 0.4) seg
approaches including traditional ADRC [21] and integral MP Vin=1q 125V (= 1.25Vino), fort € [0.40.8) seg

[47] approaches are implemented accordingly. A tradeoff 75V (=0.75Vio), fort € [0.8, 1.2] sec

among various performances including satisfactory tragki The experimental response curves of the output voltage and
(offset free, small overshoot, fast transient behaviotr,)e the duty ratio under the proposed controller, traditionBIRC
disturbance rejection and robustness against parametr&ru and integral MPC control approaches are hence shown in Fig.
tainties must be taken into account when tuning the coetrollg,

parameters in the paper. Consequently, fast transienbmeerf 3) Case IlI-Robustness Against Time-Varying Disturbances
mance is one of the most important control specifications byere we further investigate robustness against time-mgryi
not the unique one for controller design and tuning. The fagfsturbances of the proposed optimized ADRC approach. A
transient behaviour can be easily achieved by assigniggiargeneric sawtooth waveform of time-varying disturbance is
control gainS for all the three COﬂtrO"erS, however, thid w taken to acting on the input Vo|tage of the converter system.
inevitably degrade other control specifications such agefar The frequency and amplitude of the disturbances are 10 Hz and
overshoot, undesirable disturbance rejection and robestniov, respectively. Response curves of the output voltage an
performances. Since this paper is mainly concerned Wigfity ratio in the presence of such a time-varying disturkanc
disturbance rejection and robustness performance against via the three control approaches are shown in Fig. 7.
certainties, our parameter tuning criterion is to assigeradte |t can be observed from the above three cases of experimen-
controller parameters ensuring similar satisfactory Kire® ta| validation that although both the traditional ADRC and i
performance for all the three control approaches. We thefyral MPC approaches could remove the offset caused by load
discuss and compare the disturbance rejection and rolssstr@sjstance change and input voltage variations, fail toorem
performance of the three control approaches. It is shown tie offset caused by time-varying disturbances (it showd b
later Figs. 5 and 6 that all the three controllers have quifgyted that integral MPC is superior than TADRC). As shown
similar tracking control performance. The control inpudsity by Figs. 5-7, the proposed optimized ADRC (based on the
ratios) during the tracking task are quite similar as wetl. Tysefulness of the ADRC method) further improves transient
this end, the controller parameters of the optimized ADRGn( static performance in the presence of various distaesan

law (23) are and uncertainties including load resistance changes,ubutp
ky = 4.15 x 10°, ky = 570, voltage variations and time-varying disturbances conghéoe
the other approaches. It is also observed from Figs. 5 and 6
Br=1.2x10% By =4.8x107, B3 =6.4 x 10'°. that the maximum output voltage drop/raise (MOVD/MOVR)

of the proposed optimized ADRC approach is lesser than those
%rovided by the traditional ADRC and integral MPC methods.
Similarly, the recovery time after sudden load changes and

The control parameters of the traditional ADRC law (with
reduced-order ESO) are

k1 = 7000, ks = 300, 1 = 8,000, 15 = 1.6 x 107. input voltage variations of the optimized ADRC method is

_ much shorter than those of the other two approaches. For com-
The integral MPC controller parameters are pleteness the performance indices (MOVD, MOVR, maximum
N, =75, No=2, T, = 3.53 x 1075, recovery time (MRT) and integral of absolute error (IAE)),

comparison among the three control approaches is shown in
Then, the robustness performance of the proposed optimizegble II.

ADRC method is tested for the DC-DC buck converters in the
cases of various sources of disturbances and uncertainties ) ) o
B. Adaptive Capacity Verification
A. Robustness Performance Test Here the adaptive capacity of the proposed optimized ADRC

e I-Rob Agai Sudd Load Resi with respect to various load resistance change and input
) Case |-Robustness Against Sudden Loa esista 8ﬁage variations is investigated. The response curvabeof

Changes:Here_the load res!stance IS assqmed to have sud %ﬂput voltage under the three controllers in the presetice o
deqrease and Increase during th? operating process. Tde I(‘i’l‘i’ferent load resistance changes and input voltage vanisit
resistance settings are the following are shown by Fig. 8 and Fig. 9, respectively.
50 Q (= Ry), fort € [0, 0.4) sec The results shown in the aforementioned figures illustrate
R=1< 25Q(=0.5Ry), forte[0.40.8)sec that the output voltage responses of the proposed optimized
100 © (= 2Ry), forte[0.8, 1.2] sec ADRC approach (which inherits good properties of tradisibn
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Fig. 5. Variable response curves of DC-DC buck converteropiimized ADRC (left), traditional ADRC (middle) and inte MPC (right) control, in the
presence of sudden load resistance changes (top: o/p ephatom: duty ratio).
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in the presence of sudden input voltage variations (top:volfage; bottom: duty ratio).

TABLE Il

EXPERIMENTAL PERFORMANCEINDICES OFOPTIMIZED ADRC
(OADRC), TRADITIONAL ADRC (TADRC)AND INTEGRAL MPC

CONTROLLER
Controllers
Test Type | Performance
OADRC | TADRC | Integral MPC

MOVR (V) 2.1 4.3 5.5

Case | MOVD (V) 1.9 3.2 3.7
MRT (sec) 0.0064 0.0188 0.0350
IAE (V) 0.5988 0.6564 0.6030

MOVR (V) 4.0 6.8 9.1

case Il MOVD (V) 5.8 18.5 12.5
MRT (sec) 0.0292 0.0716 0.0862
IAE (V) 0.234 0.4412 0.6200
Case lll IAE (V) 1.3844 4.396 2.8850

ADRC) under the given variations offers an almost flat re-
sponse in all cases. This illustrates the efficacy of the tdap
capacity of the proposed control solution.

V. CONCLUSION

The work in this paper has addressed the current sensorless
optimized ADRC design problem for a generic DC-DC buck
converter subject to multiple sources of disturbancesiatinl
load resistance mutation, input voltage variation, etcfabali-
tate practical implementation, a novel reduced-order GR®
been proposed for the involved lumped time-varying distur-
bance estimation. Moreover, disturbance estimations bage
incorporated into the output voltage prediction processely
improving the output prediction accuracy. Different fronosh
of existing disturbance estimator-based control appresch
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