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Abstract: With regard to DC/DC buck converter applications, the objective of this study is to
expand the admissible range of the output voltage cut-off frequency while lowering the steady-state
current cut-off frequency as possible. This study fortifies the inner loop by incorporating the novel
subsystems such as an auto-tuner (for the dynamic current cut-off frequency) and active damping
injection invoking the pole-zero cancellation nature with the particular designed feedback gain
structure. The outer loop active damping control renders the closed-loop speed transfer function to
be a first-order low-pass filter with the cooperation of the specially structured design parameters;
in addition, it provides time-varying disturbance attenuation. The experimental results obtained
for a 3-kW buck converter validate the feasibility of the proposed technique by showing a 34%
performance enhancement (at least) compared with the recent active damping controller.

Keywords: DC/DC converter; dynamic current cut-off frequency; auto-tuner; active damping

1. Introduction

Battery-based industrial applications (including drones, electrical vehicles, and mobile
robots) require high-quality DC power supply systems to ensure improved reliability
during operation [1-3]. To address these industrial needs, DC/DC power converters are
considered to be a reasonable solution. These converters are equipped with devised that
provide major advantages, such as power factor correction. Moreover, a carefully designed
feedback controller can dramatically improve the closed-loop robustness to variations in
the load and operating conditions [4—6].

The cascade-type control strategy is typically adopted to ensure high-performance
DC/DC power conversion, and the inner and outer loops should regulate the inductor
current and output capacitor-side voltage, respectively [7,8]. The introduction of a fast
current loop provides practical advantages. First, it improves the output voltage control
performance by kicking off the unstable zero through the high-current loop cut-off fre-
quency settings. Secondly, it limits the inductor current by using software to regulate
the current reference signal obtained from the outer loop controller. To ahieve the two
above-mentioned benefits, proportional-integral (PI) controllers were mainly been adopted
for each loop. The selected PI gains assign the cut-off frequencies for the current and
voltage loops to satisfy the desired closed-loop performance and robustness described in
the frequency domain. Typically, the current cut-off frequency is set to be greater than
that of the voltage loop, which makes the current loop faster compared with the voltage
loop. This closed-loop setting may limit the output voltage control performance based
on the current cut-off frequency specification. Increasing the current cut-off frequency
to increase the admissible output voltage cut-off frequency can result in the increase of
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the current ripples or even instability [7,9,10]. To limit the current cut-off frequency, a
feed-forward compensation technique was developed with consideration to the converter
current dynamics. This technique requires the true converter inductance and capacitance
values to vary in accordance with the operating conditions [11]. The resulting closed-loop
accuracy can be greatly improved by adopting additional novel online parameter identifiers
(asin [12,13]).

There are several novel methods for ensuring the high output voltage control per-
formance while avoiding the increase of the current cut-off frequency: for example,
predictive [14], deadbeat [15], adaptive [16], sliding mode [17], backstepping [18], and
nonlinear robust methods [19]. These methods achieve true converter parameter depen-
dence level reduction for the feed-forward compensation terms. However, the control
actions keep the current cut-off frequency constant, although it must be increased to achieve
rapid output voltage dynamics. The recently proposed cascade-type feedback linearization
(FL) controller stabilizes the current and voltage at the desired values, and the optimal
feedback gains determine the constant current and voltage cut-off frequencies [20]. The
differential inclusion technique based on the discontinuous switching function has been
applied to ensure the global tracking property without controlled error integrators and a
pulse-wide modulation (PWM) process [21]. The state-feedback controllers collaborate with
the disturbance observer (DOB) used for the feed-forward compensator to stabilize the er-
ror dynamics; the feasibility of this method has been experimentally demonstrated [22,23].
The recent cascade-type proportional current and voltage controller systematically adopts
nonlinear DOBs in the feed-forward loop with a rigorous proof of the offset-free property
without control error integral actions [24]. Moreover, DOB-based energy-shaping con-
trollers solve the parameter and load uncertainty problem by solving a partial differential
equation, which ensures the removal of the steady-state error caused by the DOB dynamics
. Model predictive control (MPC) has been proposed as a solution to the numerical solver
dependence problem, which requires the true converter parameter and load information
to ensure closed-loop optimality [25,26]. The analytic form self-tuner was incorporated
into a DOB-based proportional-type outer loop controller to achieve a dynamic cut-off
frequency [27]. For this technique, the constant inner loop cut-off frequency must be suffi-
ciently increased to achieve the desired closed-loop performance. The voltage-derivative
observer-based nonlinear PD controller removes the current feedback loop and solves the
converter parameter and load dependence problem in the control and observer [28].

According to the literature review, the constant current-loop cut-off frequency assigned
by the feedback gain must increase proportionally to the output voltage loop cut-off
frequency to improve the transient dynamic performance, which is desirable only for the
transient operations and can increase current ripple level and limit the closed-loop relative
stability. The so-called “constant current cut-off frequency problem” corresponds to the
main challenge faced by this study. This paper proposes a solution to this problem based
on the following contributions:

e An online auto-tuner for the current cut-off frequency to be dynamically updated
according to the transient and steady state operation mode;

e A DOB-based pole-zero cancellation current controller driven by the dynamic current
cut-off frequency from the online auto-tuner;

*  An active damping outer loop speed controller leading to a first-order closed-loop sys-
tem with time-varying disturbance suppression capability by the active damping coefficient.

Convergence analysis is also carried out to highlight the contributions by investigating
the closed-loop dynamics. A 3-kW DC/DC buck converter is used in the experiments to
demonstrate that the proposed solution addresses the constant current cut-off frequency
problem based on the dynamic current cut-off frequency from the online auto-tuner. The
qualitative comparison results obtained by the above-mentioned studies are summarized
in the table in Fig. 1.
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P(D)+DOB X O 60
[27-28] X © ©

Figure 1. Qualitative comparison results.

2. DC/DC Buck Converter Model

This study considers the standard DC/DC buck converter depicted in Figure 2, where
the inductor current i, (in A) and output voltage v;. (in V) are the state variables excited
by the duty ratio u(€ [0,1]) (control input) applied to the switching device (MOSFET).
The input source voltage and load current are represented as vs (in V) and iy, (in A),
respectively. The application of the averaging technique to the circuit dynamics obtained
from each switching state (ON and OFF) yields the second-order differential equations:

Lie = —0g+0sit, 1
Cz}dc = i+ Z.Load/ vVt >0, (2)

with L and C denoting the inductance and capacitance values, respectively.

The operation mode uncertainty validates the assumption stating that the true values
of L and C and the load current ij,,; are unknown. Moreover, to reduce the number of
sensors, the uncertainty of the input source voltage v; is also considered, except for its
initial value v, . Thus, the introduction of the nominal values Ly and C results in another
version of the original converter dynamics (1) and (2):

LOI:C = —U4+ UsoU + d_icl (3)
Coz}dc = iC + dvdc/ Vt Z 0/ (4)

with the lumped disturbances d; and d,, to be treated as unknown time-varying signals,
which are used to design the control law in the following sections. Notably, the equivalent
series resistance (ESR) of the inductor and capacitor are also included in the perturbed
disturbances d; and d, .

i, L i
MOSFET _ é [ggd
R vi
dc
Vs _I_ | N i
+Y [Pulse-Width g C— v |Load
- Modulator | A —T— dc
Duty Ratio U

Figure 2. DC/DC buck converter topology.

3. Proposed Control Algorithm

This section presents the cascade-type solution proposed for actual implementations
as clearly as possible. The main results discussed in this section are presented in Figure 3.
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Sections 3.1 and 3.2 give the corresponding detailed subsystem descriptions. The closed-
loop analysis results are included in Section 4.

I_|

T

vl |
dg.ref+ -V, [Control | |
i '_(‘? ™ (16) .
| 7'y ]
'y S8 | |3
| dc 5; Q
/a _
o
o

Figure 3. Proposed structure of cascade-type control system.

Before presenting the control algorithm, it is necessary to clarify the control objective of
this study. Consider the desired output voltage trajectory v, 4.5 for a given reference v rof
with the Laplace transformations Vjc 4es(s) and Vyc e¢(s), and define the target closed-loop
transfer function as

Vdc,des (S) _ )\vc
Vdc,ref (S) s+ )\UC

, Vs eC, %)

with the output voltage cut-off frequency Aye = 27 foc (Ao in rad/s, corresponding to fy.
in Hz). Based on the desired system (5), the control objective is formulated as exponential
convergence:

lim Odc = Udc,desr (6)
t—o0

where v, 40 denotes the inverse Laplace transform for the target system (5):
Z.7dc,ﬂles = Apc (Udc,ref - vdc,des)/ vVt > 0. (7)

3.1. Inner Loop for Current Control
3.1.1. Current Cut-off Frequency Auto-Tuner

For a given current reference i. .y from the outer loop, define the target current
dynamics as

ic,des = /\CC(iC,ref - ic,des)r vVt >0, (8)

with the current cut-off frequency A = 27T fec (Ae inrad/s corresponding to f.. in Hz); its
transfer function is identical to (5) with the replacement A, with A... For a rapid output
voltage transient response, the current cut-off frequency A, must to be proportional to the
increase in Ayc.

To boost the current cut-off frequency only during transient periods, a slight modifi-
cation of the target current dynamics (8) with a dynamic current cut-off frequency A is
suggested as

ic,des = ;\CC(ic,ref - ic,des)/ vt >0, (9)

with the auto-tuning rule for Acc

;\cc = ’)’cc(%des + UCC;\CC)/ vVt >0, (10)
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with the errors defined as {c,des = depef — lcdes and Aee = Aee — A, gains 7y, > 0 and
0cc > 0, and initial condition ;\CC(O) = Acc.

Remark 1. The nonlinear error term z? Jes Xcites the dynamic current cut-off frequency Acc whose

boosting level is adjusted by ye > 0, and the stabilization term A exponentially restores the
boosted cut-off frequency to its initial value Acc(0) = A¢c according to the decay rate pec > 0. The
corresponding formal analysis is presented in Section 4.

3.1.2. Control Law

The error Ai¢ = i, 4,5 — ic is defined to accomplish the convergence lim; e ic = i g
with i, 4,5 representing the solution to the desired system (9). Then, it follows from (3) that

LoAic = Loicges — Lotc
= —vsou+d;, Vt >0, (11)

with the re-defined lumped disturbance d;. = Lot 405 + v4c — d;,. This study proposes the
control law for stabilizing the open-loop system (11) as

1 . b )
= ——((ba, + Lokee) Bic + by, ke /0 Aiedt +dy ), (12)

5,0

Vt > 0, with gains by, > 0 and k.. > 0, where the DOB for updating d;_is given by

= *ll‘EZiC — liLoAic + licvs,ou, (13)
= zj+ liELOAic/ vVt >0, (14)

Zj

d

i

(o

with gain [; > 0.

This study introduces the structured feedback gain structure in (12) to improve the
inner loop current control accuracy through closed-loop order reduction caused by pole-
zero cancellation. Further details are given in Section 4.

3.2. Outer Loop for Voltage Control

Consider an equivalent form for the output voltage dynamics (4):
Covdc = iC,ref - lTC + dvdcz Vt 2 O/ (15)

with the error defined as i, = icref — ic; its control variable i, (current reference) is
designed to stabilize the error 0jc = Vg ref — Vgc:

t
iC,ref = —bg,v4; + CorocBgc + by, Aoc o T4.dT, YVt >0, (16)

with gain b;, > 0. The stabilization action tries to ensure the exponential convergence
lim¢ 00 Vg = Ve des by adding artificial damping (—by,v4.) to the closed-loop. This results
in pole-zero cancellation, with the collaboration of the particularly structured feedback
gain structure. A detailed analysis of this statement is presented in Section 4.

4. Closed Loop Analysis

This section begins with the inner loop analysis (Section 4.2) carried out to analyze
the entire closed-loop system (Section 4.2).

4.1. Inner Loop

Lemmas 1-3 investigate the subsystem dynamics acting on the dynamic cut-off fre-
quency update and disturbance estimation mechanisms in the inner loop.
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Lemma 1. The auto-tuner (10) ensures the existence of a minimum dynamic cut-off frequency
with an initial value A¢c(0) = Ag. ie.,

Ace > Ae, VE > 0. (17)
Proof. Integration on both side of the auto-tuner (10) yields
)\CC — 677cc¢7cct)\cc

t
+/0 e*'chtch(t*T) (’)/cc(ch)\cc +70C;§,d65)d1—’

which is bounded from below by Ace, owing to the positivity of yoc0ccAec + 'yccz O

cdes’

As mentioned in Remark 1, the stability issue for the dynamic cut-off frequency update
mechanism (9) and (10) originates from the nonlinear excitation term 12 4es N (10), which is
addressed in Lemma 2 with the dynamic cut-off frequency magnification characteristics (17).

Lemma 2. The target system (9) with the dynamic cut-off frequency driven by (10) ensures the
two boundedness properties. For a dynamic cut-off frequency:

I;\CC| < o, Vt Z 0/
For the target current trajectory:

24
1T, gos| < are™2t, Wt > 0,V|7, gos| > —=2L,

cc

for some a; > 0,i = 1,2, where |ic,ref| < Higepr Yt > 0.

Proof. It follows from the errors {C,des = e ref — lcdes and Ace = Aece — Aec and relationships
(9) and (10) that

2 Ace ~ Ace » Ao =
lodes = — %lc,des + %lc,des - 2CC Lo des + Zc jrefrs
ZCC = _r)/CC(’l:g/des + O-CC;\CC)/ Vt Z O

Thus, the positive definite function Var = %ff des T 47%;\%6 can be written as

: - Acc » Acc »
Var = Zc,des(_ilc,des + izc,ales)
2 2
¥ }\ ¥ : }\ - kY
+1c,des<_%lc,des + lc,ref) - % (Zg,des + UCC/\CC)
Acc ~2 Occ 50 /A\cc IS e ref
< 77 cdes /\CC (7 S ) c,des

.Mz
< —aarVar, Vt > 0,Vigges| > o,

(18)

cc

with w g1 = min{Acc, 20¢cAcc }. This completes the proof based on the comparison principle
in[29]. O

The results of Lemma 2 address the stability issue of the dynamic cut-off frequency
update mechanism (9) and (10) with the positive definite function V4. Considering the
inequality (18), one can roughly conclude that lim; . z'c des = i¢ref, because the dynamic

cut-off frequency magnification property (17) leads to mf ~ 0 for some gain setting
,YCC > 0 al’ld Occ > 0
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The DOB dynamics (13) do not explicitly describe the disturbance estimation behavior,
and their ambiguity can be clarified with additional analysis based on combining their
output with the dynamic equations (13) and (14). See Lemma 3 for details.

Lemma 3. The DOB (13) and (14) estimate the lumped disturbance in accordance with the
LPF dynamics:

dAiC = lic (dif — Ciic), Vvt > 0. (19)
Proof. By using the DOB dynamics (13), the DOB output (14) yields its dynamical relationship:

A

d;

Ic

= % 41 LoAi
=~ (d;. — I;, LoAic) — IZ LoAic + 1, vs o
+1;, LoAic
= 1 (LoAic +vsou —d;.) =1 (d;. —d;), Vt >0,

where the relationship (11) confirms the last equation. This completes the proof. O

The resultant dynamics (19) provide the error dynamics:
di, = —lid;, +d;, vt >0, (20)
with d;, = d; —d; and |d; | <, Vt > 0, as will be considered in the subsequent analysis.
Before analyzing the controlled current error (Ai.), Lemma 4 derives the closed-loop
order reduction capability of the structured feedback gain structure, which leads to pole-
zero cancellation. The dummy signal » = 0 (hence 7 = 0) is introduced in this analysis. See

Lemma 4 for details.
Lemma 4. The proposed controller (12) drives the current error Ai, to satisfy

A, = —keeAie + Liodif +d;_F, (21)
with the filtered signal d;_r

dip = —ad; - aody, ¥t >0, (22)
forsomea; >0,i=1,2.

Proof. After substituting (12) into (11), the additional derivative on both sides yields

L()AZC = —deAZ:C + Lokcc(f’ — Alc)
by kee(r — Nie) +dy,, V>0,

with the Laplace transform:

(Los? + (b, + Lokee)s + b, kec) AL (s)
= kcc(LoS + de)R(S) + SDiC(S)/ Vs € C,

which shows that (after factorization (s + kec) (Los + ba, ) = Los® + (bg, + Lokec)s + by, kec)

(s + kec)AI:(s) = kecR(s) + —D; (s) + Dy r(s),
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with D;_p(s) = ——2-D; (s), Vs € C. This completes the proof. [

s+L—0

Theorem 1 analyzes the convergence behavior of the controlled current error (Ai, =
ic des — ic) With a combination of closed-loop error trajectories from systems (20)—(22).

Theorem 1. The closed-loop system depicted in Figure 3 ensures

2e

|Aie| < bre ", vt >0, Vidi | > T, (23)
ic
forsomec; >0,i=1,2.
Proof. Defining the vector x. = [ Ai. d; r d; }T, it follows from Va;, = 1|xc|?
(20)~(22) that
. . 1.
VAiC < A1c(_kccA1c‘i‘ —d +diC,F)

Lo
+d~iC,F(_ald~ic,P - ﬂzjic)

_lid“l _ (ZL _ S )d?

2% g
~ 2€i
< i Vai V2 0,VIdi | = 7=, (24)
Ic
kee =1 —f-
with ap;, = 2A,i,(Qa;,) and the positive definite matrix Q. = | 0 a1 a2 |.This
1.
0 0 +

completes the proof based on the comparison principle in [29]. O

The inner loop control objective accomplishment is confirmed with Theorem 1 by
roughly showing the convergence lim; e ic = i, 4,5 With the DOB gain setting: 2;; £~ 0(see
the inequality (23)). However, there is still ambiguity with regard to the actual current error
convergence lim;—;e ic = i rof, which is used to prove the entire closed-loop convergence
lim¢ 00 Vge = Vgcef- Theorem 2 addresses this issue based on the analysis results of
Theorem 1 and Lemmas 1 and 4.

Theorem 2. The closed-loop system depicted in Figure 3 guarantees

. . 2u;
el < cree, v 2 0,V 2 22,

cc

for some c¢; > 0,i=1,2, where |ic,,ef| < Py V2 0.

Proof. The current error 7, satisfying I = {c,des + Ai. gives its dynamics (using (9) and (21)):

v a ks H . 1 T T
e = */\cclc,des + Leef — keeAie + fodic + diC,F

= —;\CCITC + CTxC + Z:C,ref/ VvVt >0,
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A T
with ¢ = [ (Aec —kee) 1 LLO } , which makes the composite-type Lyapunov function
candidate V., = %z% + 17Va; become:

~ ~

. v )\ ' s /\ v : y
Ve = lc(_%lc +CTXC) - lc(%% - lc,ref) + 11 Vai,
Acc 2¢2 A Piges (o
< ——ic— (mapi. — —)Vai. — (5 — —% ’
< 4 c (77 Aic )\CC) Aic ( 2 |lc| )C

vVt > 0; the dynamic cut-off frequency that lowers the boundedness (proven in Lemma 1)

and the inequality (24) are used to obtain the inequality, and ||c|| < ¢, Vt > 0. The constant

n= ”‘iic (% + 1) yields the upper bound of V.

Y T 2‘uicref
Ve < —acVe, ¥t 20, V]ie| > —=*, vt >0, (25)

cc

where a; = min{%, %} This completes the proof based on the comparison principle

in[29]. O
The boosting nature of the cut-off frequency ()A\CC > Aee, V¥t > 0) in Lemma 1 provides
2 .
the rationale for assuming that % ~ 0 by tuning the auto-tuner parameters 7., and o,

such that V. < —acV,, Vt > 0. This is used in subsequent analysis. Figure 4 visualizes the
reasoning process of the inner loop analysis.

lereflt I
vdfv’ef 4, ‘;: Control Wil
! YO ) 3
&
| ~ = k-]
' 3
I —
I "
I ;/ \
Lemma 1 R Lemma 2
oza, | |d = (a -d) |1 A< 2 lmi g, =i,
1
Lemma 4 \:/"\
: s -
Alv :_kC('AlL' +7dix +diUF I I
~ ,\Jlo N | Theorem 1 |
di(..F = _aldil,F _aZdi( ‘ %1_}12 =g, |
|
I Theorem 2 |
»( S
> P_{E b=l ||
Main Results |
| forinner Loop _ |

Figure 4. Inner loop analysis.

4.2. Entire Loop

Before the convergence analysis of the entire closed-loop (to show that lim;_c 04, =
Vdcdes), Lemma 5 derives the closed-loop order reduction caused by the collaboration
between the active damping injection and the structured feedback gain structure, which
leads to pole-zero cancellation. See Lemma 5 for details.
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Lemma 5. The proposed outer loop controller (16) drives the output voltage to satisfy

. 1 v v
Oge = /\UC(Udc,ref - vdc) - Ci()IC +1.,r + fF/ (26)
with the filtered signals

¥ 7 ¥ - b 1
i, p = =01l + O2lc, fF = _Ci;flf + Eof’ vVt >0, (27)

forsome d; >0,i=1,2.

Proof. After substituting the outer loop control law (16) into the output voltage dynamics
(15), the additional derivative operation on both sides gives

Cotge = —(ba, + Coroc)Vac — ba,Aocvac
+CO)\vcvdc,ref + bdv)\vcvdc,ref — i+ 1
Vt > 0, with f = Ad,, denoting the time-varying rate of the AC component of disturbance
dvy. = dy, 0 + Ady,, which leads to dy . = f- The corresponding Laplace transform
results in
(Cos® + (ba, + CoMoc)s + ba, Aoc) Vie(s)
= Aoc(Cos + by, ) Vic,ref (s) — sIe(s) + F(s), Vs € C,

its equivalent form can be obtained based on pole-zero cancellation from the factorization
(C052 + (bg, + CoAoc)s + by, Ave) = (Cos + by, ) (s + Auc):

(s + Avc)Vdc(s) = /\chdc,ref(S)

1. -
—EIC(S) + IC,F<S) + Fp(S), Vs € (C,
0

bay 1

5 7 &
with I p(s) = C,‘jd I.(s) and Fr(s) = C,‘jd F(s). The application of the inverse Laplace
s+c2 s+c%

transform to both sides completes the proof. [J

Finally, Theorem 3 provides an essential closed-loop property showing the control
objective accomplishment. The two results of Lemma 5 and inequality V. < —a/ V., ¥Vt >0,
(obtained from Theorem 2) play an essential role in proving this theorem.

Theorem 3. The closed-loop system depicted in Figure 3 guarantees that

.
|Avge| < qre ™, VE >0, V| fe| > rf
d

v

for some g; > 0,i=1,2, where |f| < f, Vt > 0.

Proof. Defining the error Avg. = vy 4ps — V4, it holds that

1. -
e — iC,F 7fF/ Vt Z O/ (28)

AVye = —ApcAvge + —ic
Co

with the use of (26) and considering a composite-type Lyapunov function candidate for

vector xo = [ Avge I fr | :

1
Vy = EXZPUXU +¢Ve, C>0,Vt>0,
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with P, = diag{1,1, Cp}; its time derivative is given by (with (25), (27), and (28)):

. 1 ¥
Vo = Avg(—ApcAvge + C—Ozc —i.r — fF)
+ic,p(=01ic,r + 62ic) + fr(—ba,fr + f) + Ve
1 52
< xTQuxp — (Cae — —— — 2y,
< Xy QpXy (gu‘c /\UCC(Q) 51) c
by f e
_(J - 7) 7 Vt 2 0/
2 |fel Ji
o1 2
whereQ, = | 0 071 0 | and |f| < f, Vt > 0. The coefficient { = a%()xmlcg + % +1)
0 0 %
leads to
Vv < _Xz{vav -V

S _D‘UV’U/ Vt Z Or v|fl:‘ Z jl/
d

v

with &, = min{ %, %} This completes the proof based on the comparison principle

in[29]. O

Theorem 3 roughly concludes that the proposed controller accomplishes the control
objective (6) (lim¢—co Vgc = U4 des, €Xponentially, with the solution v 4.5 to the desired
system (7)) by setting the active damping coefficient b, to satisfy % ~ 0 such that

Vy < —ayVy, Vt > 0. The reasoning process for the inner loop analysis is visualized in
Figure 5.

I —~
1%
df,ref+ VdC
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~ m g ~
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| ||
|
|
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Theorem 2
. 1~ —~ limi =i
— — R 7 mi =1
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L —~ ~ . b 1 f"\ » Theorem 3
L p==0lp+8i, fr=—frt—f [T .
6 G ¢ q) q) llm vd(' = vdc des
[—>0 T

Main Analysis Result

Figure 5. Result of entire loop analysis.

5. Experimental Results

Figure 6 presents the 3-kW bi-directional DC/DC converter testbed used to verify the
feasibility of the proposed solution; A Texas Instrument (TT) digital signal processor (TI
DSP28377) was used for feedback control at the constant input DC voltage level v; = 100 V
(provided by the DC power supply) with the sampling and PWM periods of 0.1 ms. The
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inductor and output capacitor values were identified L = 1 mH and C = 700 puFE To
consider the model-plant mismatch causing the lumped disturbances, their nominal values
Lo =0.75L and Cy = 1.35 C were used for the implementation of the control law. A resistive
load of Ry = 20 () was initially connected to the output port to implement the load of
the converter.

Resistive |

Figure 6. Prototype 3-kW DC/DC power conversion hardware testbed.

The inner and outer loops controlled by the proposed controller were tuned as: (inner
loop) fec = 5 Hz (A¢e = 27fec = 314 rad/s), yee = 1000, o¢c = 5000/ Ve, kee = 5000,
by = 0.1, I;, = 1200, (outer loop) foc = 5 Hz (Ayc = 271 fyc = 31.4rad/s), and b, , = 3.

A comparative investigation was conducted by replacing the proposed controller with
a conventional PI controller reinforced by a DOB and the active damping term: (control)
u = %p(*kd,LiL + Lo/\CCITC + kd,L/\cc f(; lTCdT — d\L), (DOB) ZL = *liCZL — lZ'ZCLOic — licvsrou, and

~

dp = zp +1; Loic. The design parameters are identical to those in the proposed solution.

5.1. Piece-Wise Constant Reference Tracking Mode

The initial output voltage reference v, .y = 50 V was increased and decreased to 70
and 30 V in a sequential manner with an initial resistive load Rj, = 20 Q). Figure 7 shows
the controlled output voltages obtained using the proposed and conventional techniques.
Unlike the conventional controller, the proposed controller successfully drives the output
voltage to its reference value without any over/undershoots. Moreover, the proposed
controller successfully assigns the desired tracking behavior to the resultant feedback
system in accordance with the performance (5) achieved with the increased output voltage
cut-off frequencies f,c = 5, 15, and 30 Hz. The exponential convergence (6) (proven
by Theorem 3) and nature of the current-loop cut-off frequency boosting (resulting in
V. < —a.V. < 0 proven by Theorem 2) provide this advantage without the drawback of
performance degradation. Notably, the advantage originates from the dynamic current
cut-off frequency (boosting and restoration) presented on the right side of Figure 8. As
expected, the proposed controller removes the unnecessary current oscillation and reduces
the current overshoot level, as shown in Figure 9. The DOB responses are presented on the
left side of Figure 8.
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<Proposed Controller> | <Conventional Controller>
70 [V]

— v (@ =5HZ) || 50y

—:v, (@f, =30Hz)

Jogvaivy . Time [500 ms/div]

Figure 7. Comparison of output voltage control performance at f,c = 5, 15, and 30 Hz, and pulse
reference tracking mode of Ry = 20 Q2.
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Figure 8. DOB and auto-tuner responses at f,c = 5, 15, and 30 Hz, and pulse reference tracking mode
of R, =20 Q).

%Propdsed Controller> <Conventional Controller>

3.5 [A]

—:i (@f, =5Hz)

— i (@f, =30Hz)
i

Il [A/div] Time|[500 ms/div]

Figure 9. Inductor current response comparison at f,c = 5, 15, and 30 Hz and pulse reference tracking
mode of R;, = 20 Q.

5.2. Constant Reference Regulation Mode
5.2.1. Transient Performance Comparison

This stage demonstrates the constant reference regulation performance at the output
voltage level of 50 V with an abrupt variation in the resistive load (decreasing to Ry = 4
) and restoring to Ry, = 20 ). The three output voltage cut-off frequencies f,. = 5, 15,
and 30 Hz were applied to clarify the advantages of the proposed controller. As shown
in Figure 10, the proposed controller can effectively attenuate the over/undershoot level
and the performance deviations caused by the variation of the operating conditions. The
removal of the current oscillation and overshoot can also be observed in Figure 11. As
intended, the collaboration of two beneficial properties, namely, the cut-off frequency
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magnification (Lemma 1) and exponential current convergence (Theorem 1), resulted in
this beneficial feature.

<Conventional Controller>

<Proposed Controller>

50 [V]
R,_:20£2| R, =4Q
+—> |«
- V{I(’ (@f\( = SHZ) —_ v(lr: ( @f‘vu = 3OHZ)
15 [Vrdiv] Time [500 ms/div]

i

Figure 10. Output voltage control performance comparison at f,c = 5, 15, and 30 Hz, and constant
reference regulation mode of vy oy = 50 V.

<Proposed Controller>

12.3 [A]

—:i (@f, =5Hz)

H <Conventional Controller>

—:i (@f, =5Hz)
— i (@f, =30Hz) — i (@f, =30Hz)

Iz [A/div] Time [500 ms/div]

Figure 11. Inductor current response comparison at f,c = 5, 15, and 30 Hz, and constant reference
regulation mode of vy rof = 50 V.

5.2.2. Steady-State Behavior Comparison

This stage shows the current ripple reduction effect from the proposed current cut-off
frequency auto-tuner at the same operating mode of the previous subsection, except for
the constant cut-off frequency for the conventional DOB-based controller. To secure the
improved closed-loop performance, the current cut-off frequency (fixed) for the conven-
tional controller was increased from its initial setting f.. = 5 to 190 Hz that is equal to
the peak value of the dynamic current cut-off frequency shown in Figure 12. As pre-
sented in Figure 13, the increased current cut-off frequency successfully attenuates the
over/undershoots but it involves the current ripple magnification in the steady-state op-
eration unlike the proposed controller. The dynamic current cut-off frequency behavior
shown in Figure 12 offers this beneficial current ripple reduction characteristics increasing
the power efficiency for a long term operation.
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Figure 12. Auto-tuner responses at f,c = 5, 15, and 30 Hz, and pulse reference tracking mode of
Rp =200.

— :v,. (Proposed Controller)

* Vde

—{: i, (Proposed Controller)

—|:i, (Conventional Controller)
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E
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Figure 13. Output voltage and inductor current ripple level comparison at f, = 30 Hz and constant

reference regulation mode of v ror = 50 V.

5.3. Discussion
5.3.1. Computational Time

The proposed controller comprising novel subsystems, such as the auto-tuner (10)
and target dynamics (9), requires additional computational time compared with that of the
conventional DOB controller used for the comparison study in this section. To confirm this,
the execution time for these two controllers was determined for 3000 randomly generated
3000 reference signals using the DSP28377, based on the pulse length for the whole control
algorithm code. The proposed and conventional DOB controllers elapsed 33.87 and 30.75 ps,
respectively, on an average. This implies that only additional 10 % of computational time is
required for the proposed controller compared with that of the conventional DOB controller.
On the basis of these comparisons for the performance and computational complexity, the
proposed controller can be considered as an alternative to previous solutions without the
need for additional hardware (compared with the full-state feedback results) under the use
of 32-bit DSPs.

5.3.2. Quantitative Comparison

Sections 5.1 and 5.2 present the qualitative differences between the closed-loop re-
sponses. To clarify the performance improvement, the metric function is adopted regarding
the output voltage error integration during the operation time (for both the tracking and

regulation modes), which is given by J; := \/ fooo ‘vdc,ref — vg4.|2dt. The table in Figure 14
presents the comparison result with the proposed technique achieving a 34% performance
enhancement owing to its improved controller structure and novel inner loop subsystems
(leading to the beneficial closed-loop properties in Section 4).



Energies 2021, 14, 6848 16 of 17

Tracking Control Regulation Control
Ja 3 | 15Hz | 30Hz | SHz |15Hz | 30Hz Total
Proposed
Controller 1077 | 953 | 612 | 471 | 553 | 717 | 4383
DOB-based
Controller 1052 | 971 | 1273 702 | 831 [1055 | 5884

Figure 14. Performance comparison result for tracking and regulation tasks.

6. Conclusions

This study developed a cascade-type output voltage controller governed by the dy-
namic current cut-off frequency from a real-time auto-tuner. The outer loop employs an
active damping term to suppress the disturbance level and invokes closed-loop order
reduction with pole-zero cancellation, which is provided by the particular design of the
feedback gain structure. A significant admissible output voltage cut-off frequency range
expansion caused by the dynamic current cut-off frequency behavior was observed in the
experimental investigation. There are two future research branches: first, the expansions of
the proposed solution to the multi-phase converter and multi-converter power synchro-
nization applications and, second, the development of a systematic tuning factor design
criteria through an optimization problem formulation subject to the linear/bi-linear matrix
inequality(LMI/BMI) constraints.

Author Contributions: Conceptualization and methodology, S.-K.K.; software, validation, formal
analysis, investigation, writing—original draft preparation, and writing—review and editing, S.L.
and Y.K.; resources, supervision, project administration, and funding acquisition, Y.K. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was supported in part by the National Research Foundation of Korea (NRF)
grant funded by the Korea government (Ministry of Science and ICT) (No. NRF-2021R1C1C1004380),
was supported in part by the Technology Innovation Program(No. 2009316 and 20009552) funded By
the Ministry of Trade, Industry & Energy(MOTIE, Korea), and was supported in part by Korea Agency
for Infrastructure Technology Advancement (KAIA) funded by the Ministry of Land, Infrastructure
and Transport (No. TL21HBST-B158067-01).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data sharing not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. You, S.H.; Koo, B.; Kim, D.S.; Kim, S.K. Cascade-Type Pole-Zero Cancellation Output Voltage Regulator for DC/DC Boost
Converters. Energies 2021, 14, 3824.

2. Choi, K,; Kim, D.S,; Kim, SK. Disturbance Observer-Based Offset-Free Global Tracking Control for Input-Constrained LTI
Systems with DC/DC Buck Converter Applications. Energies 2020, 13, 4079.

3.  Choi, K; Kim, K.S.; Kim, S.K. Proportional-Type Sensor Fault Diagnosis Algorithm for DC/DC Boost Converters Based on
Disturbance Observer. Energies 2019, 12, 1412.

4. Chen, Y.C; Chen, L.R; Lai, C.M,; Lin, Y.C.; Kuo, T.]. Development of a DC-Side Direct Current Controlled Active Ripple Filter for
Eliminating the Double-Line-Frequency Current Ripple in a Single-Phase DC/AC Conversion System. Energies 2020, 13, 4772.

5. Li]; Tang, J.; Wang, X.; Xiong, B.; Zhan, S.; Zhao, Z.; Hou, H.; Qi, W.; Li, Z. Optimal Placement of IoT-Based Fault Indicator to
Shorten Outage Time in Integrated Cyber-Physical Medium-Voltage Distribution Network. Energies 2020, 13, 4928.

6. Silva, F; Carvalho, P.,; Ferreira, L. Improving PV Resilience by Dynamic Reconfiguration in Distribution Grids: Problem
Complexity and Computation Requirements. Energies 2021, 14, 830.

7. Erickson, RW.; Maksimovic, D. Fundamentals of Power Electronics, 2nd ed.; Springer: New York, NY, USA, 2001.

8.  Kapat, S.; Patra, A. A Current-Controlled Tristate Boost Converter with Improved Performance Through RHP Zero Elimination.
IEEE Trans. Power Electron. 2009, 24, 776-786.

9.  Kobaku, T, Jeyasenthil, R.; Sahoo, S.; Ramchand, R.; Dragicevic, T. Quantitative Feedback Design-Based Robust PID Control of

Voltage Mode Controlled DC-DC Boost Converter. IEEE Trans. Circuits Syst. II Express Briefs 2021, 68, 286—290.



Energies 2021, 14, 6848 17 of 17

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Kapat, S.; Krein, PT. Formulation of PID Control for DC-DC Converters Based on Capacitor Current: A Geometric Context. IEEE
Trans. Power Electron. 2012, 27, 1424-1432.

Kazmierkowski, M.P.; Krishnan, R.; Blaabjerg, E. Control in Power Electronics-Selected Problems; Academic Press: Cambridge, MA,
USA, 2002.

Martinek, R.; Rzidky, J.; Jaros, R.; Bilik, P.; Ladrova, M. Least Mean Squares and Recursive Least Squares Algorithms for Total
Harmonic Distortion Reduction Using Shunt Active Power Filter Control. Energies 2019, 12, 1545.

Lee, S.H. Adaptive Droop Based Virtual Slack Control of Multiple DGs in Practical DC Distribution System to Improve Voltage
Profile. Energies 2019, 12, 1541.

Zhang, Q.; Min, R.; Tong, Q.; Zou, X,; Liu, Z.; Shen, A. Sensorless Predictive Current Controlled DC-DC Converter With a
Self-Correction Differential Current Observer. IEEE. Trans. Ind. Electron. 2014, 61, 6747-6757.

Hosoyamada, Y.; Fujimoto, Y.; Kawamura, A.; Yuzurihara, I. Individual Deadbeat Control for Three-Phase Interleaved Buck
DC/DC Converters. IEEE Trans. Ind. Appl. 2020, 56, 5065-5074.

Hassan, M.A; Li, E.; Li, X.; Li, T.; Duan, C.; Chi, S. Adaptive Passivity-Based Control of DC-DC Buck Power Converter With
Constant Power Load in DC Microgrid Systems. IEEE J. Sel. Top. Power Electron. 2019, 7, 2029-2040.

Oucheriah, S.; Guo, L. PWM-Based Adaptive Sliding-Mode Control for Boost DC/DC Converters. IEEE. Trans. Ind. Electron.
2013, 60, 3291-3294.

He, J.; Zhang, X. An Ellipse-Optimized Composite Backstepping Control Strategy for a Point-of-Load Inverter Under Load
Disturbance in the Shipboard Power System. IEEE Open ]. Power Electron. 2020, 1, 420-430.

Wang, Y.X,; Yu, D.H,; Kim, Y.B. Robust Time-Delay Control for the DC/DC Boost Converter. IEEE Trans. Ind. Electron. 2014,
61,4829-4837.

Kim, S.K; Lee, K.B. Robust Feedback-Linearizing Output Voltage Regulator for DC/DC Boost Converter. IEEE Trans. Ind.
Electron. 2015, 62, 7127-7135.

Theunisse, T.A.E,; Chai, J.; Sanfelice, R.G.; Heemels, W.P.M.H. Robust Global Stabilization of the DC-DC Boost Converter via
Hybrid Control. IEEE Trans. Circuits Syst. I Regul. Pap. 2015, 62, 1052-1061.

Yang, J.; Wu, B.; Li, S.; Yu, X. Design and Qualitative Robustness Analysis of an DOBC Approach for DC-DC Buck Converters
With Unmatched Circuit Parameter Perturbations. IEEE Trans. Circuits Syst. I Regul. Pap. 2016, 63, 551-560.

Xu, Q.; Zhang, C.; Wen, C.; Wang, P. A Novel Composite Nonlinear Controller for Stabilization of Constant Power Load in DC
Microgrid. IEEE Trans. Smart Grid 2019, 10, 752-761.

Kim, S.K. Output Voltage-Tracking Controller with Performance Recovery Property for DC/DC Boost Converters. IEEE Trans.
Control Syst. Technol. 2018, 1, 1-7.

Kim, S.K.; Park, C.R.; Lee, Y.I. A Stabilizing Model Predictive Controller for Voltage Regulation of a DC/DC Boost Converter.
IEEE Trans. Control Syst. Technol. 2014, 41, 2107-2114.

Kim, S.K; Kim, J.S.; Park, C.R; Lee, Y.I. Output-feedback model predictive controller for voltage regulation of a DC/DC converter.
IET Control Theory & Appl. 2013, 7, 1959-1968.

Kim, S.K.; Ahn, C.K. Self-Tuning Proportional-Type Performance Recovery Property Output Voltage-Tracking Controller for
DC/DC Boost Converter. IEEE Trans. Ind. Electron. 2019, 66, 3167-3175.

Kim, S.K.; Ahn, C.K. Proportional-derivative Voltage Control with Active Damping for DC/DC Boost Converters via Current
Sensorless Approach. IEEE Trans. Circuits Syst. II Express Briefs 2021, 68, 737-741.

Khalil, H.K. Nonlinear Systems; Prentice Hall: Hoboken, NJ, USA, 2002.



	Introduction
	DC/DC Buck Converter Model
	Proposed Control Algorithm
	Inner Loop for Current Control
	Current Cut-off Frequency Auto-Tuner
	Control Law

	Outer Loop for Voltage Control

	Closed Loop Analysis
	Inner Loop
	Entire Loop

	Experimental Results
	Piece-Wise Constant Reference Tracking Mode
	Constant Reference Regulation Mode
	Transient Performance Comparison
	Steady-State Behavior Comparison

	Discussion
	Computational Time
	Quantitative Comparison


	Conclusions
	References

