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Abstract: This study suggests a non-linear output voltage tracking controller for DC/DC boost converters in the form of a
classical cascade control structure. Non-linearities in the converter dynamics as well as parameter uncertainties and load
variations are considered. The first contribution of this study is the design of an auto-tuner, which automatically adjusts the
control gain according to the output voltage error to enhance transient performance. The second contribution involves proving
that the closed-loop system ensures the performance recovery without any steady-state errors in the presence of parameter and
load variations. The effectiveness of the proposed algorithm was verified through experimental investigations using a 5 kW

prototype DC/DC boost converter.

1 Introduction

DC/DC boost converters have been widely used in industrial
applications such as solar/wind power systems, electrical vehicles,
and various home appliances [1-6], owing to their advantages such
as satisfactory regulation performance for the output voltage and
inductor current, and power factor correction.

The cascade output voltage regulator has been regarded as a
conventional control system for DC/DC boost converters, where
the outer voltage control loop provides a reference signal to the
inner current control loop [7]. The cascade control regulator is
usually designed using proportional—integral (PI) controllers to
provide each loop with two degrees of freedom. The Bode plot and
Nyquist techniques can be utilised to adjust the resultant closed-
loop performance of the cascade loops through gain tuning in the
frequency domain [7, 8]. A feedback-linearisation (FL) technique
was suggested, which combines the PI control scheme with the
feedforward compensation of parameter-dependent terms in the
converter, where the PI gains for tuning the cut-off frequency of
the closed-loop system are dependent on the converter parameters
[7]. Hence, the accuracy of the parameter information has critical
effects on the closed-loop performance. The parameter dependency
of the FL technique can be reduced by incorporating the gain
scheduling scheme [9, 10].

It has been shown that the implementation of advanced
techniques can improve the closed-loop performance over that of
the conventional techniques. Adaptive [11, 12], robust [13], and
sliding mode [14, 15] control schemes have been proposed to cope
with the parameter uncertainties and load variations, and predictive
[16] and model predictive [17-20] controllers have been
investigated to improve the tracking performance of the output
voltage control. On the other hand, achieving fast transient
responses is also an important requirement in industrial
applications, which is directly related to the product quality. An
intuitive way to achieve fast transient responses is to increase the
closed-loop cut-off frequency by increasing the control gains, but it
also involves increasing the sensitivity of the control system. A
deadbeat controller [21] can be used to achieve the minimum rise
and settling times for the voltage control. However, the deadbeat
controller is highly sensitive to system uncertainties such as
parameter and load variations. To the best of our knowledge, no
studies have been conducted to resolve the trade-off between
improving the transient response and increasing the sensitivity of
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the control system while maintaining robustness to system
uncertainties.

In this study, an auto-tuning algorithm for the closed-loop cut-
off frequency of the output voltage control is investigated as a
means of resolving the trade-off discussed above. This scheme
differs from previous studies that use a fixed cut-off frequency. The
contributions of this study are listed as follows:

* An auto-tuner, which increases the control gain in a transient
state and returns the control gain to its initial value in a steady
state, is designed to enhance transient performance while
maintaining the sensitivity of the control system in steady states.

* Non-linear disturbance observers (DOBs) are utilised to estimate
and compensate the disturbances arising from parameter and
load uncertainties.

e It is proved that a proportional-type output voltage tracking
controller embedding the auto-tuner and DOBs ensures the
exponential convergence and the performance recovery property
without any steady-state errors.

The effectiveness of the proposed controller is confirmed based on
the experimental data obtained using a 5 kW prototype DC/DC
boost converter control system.

2 Dynamics of DC/DC boost converters

The section provides a brief introduction to the dynamical
equations for describing the non-linear behaviour of the DC/DC
boost converters depicted in Fig. 1. By applying the averaging
technique to this converter topology, it holds that [7]

diy(7)

L=2= = via(®) = (1 = u(®)vacld), (1)
dvge , .
28D _ (1 w0)is) = i), @)

where i;(r) and v4(f) denote the current passing through the
inductor L and the voltage across the output capacitor C,
respectively, and u(f) represents the duty ratio for the switching
device, which is feasible on the set of [0,1]. The input DC source
voltage and load current are given as vy,(¢) and it ,,q(?), respectively.
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Fig. 1 Topology of a DC/DC boost converter

In this study, i;(¢) and vy4.(¢) are considered as the available state-
variables with the control input of u(z).

For the implementation of a control system, it is reasonable to
assume that

e The values of the inductor and capacitor are difficult to
determine exactly, except for their nominal values L, and C,.

» The exact value of the DC source voltage v;,(¢) is also difficult
to determine, possibly owing to a resistive drop of the source,
except for its initial voltage value vip o = vip(0).

» The time-varying signal i ,,q(¢) represents a generic load, which
includes both linear and non-linear loads.

The following section devises a control law for the reference
inductor current of iy ..¢(¢) and the duty ratio of u(¢) in combination
with an auto-tuner and DOBs.

3 Output voltage controller development

For any given reference output voltage vy rf(?), the desired closed-
loop output voltage dynamics of vy.(¢) is described by

1}zlc(t) = Covc(Vdc,ref(l‘) - Vzlc(t))’

with a cut-off frequency w,., whose tracking performance can be
enhanced by replacing w,. with @(?) as

‘}ric(t) = ('AUVC([)(Vdc.rcf(t) - V:ic(t))s (3)

where @,(f) denotes an adjustable cut-off frequency to be designed
later, which is considered as the target output voltage dynamics.
The control objective involves forcing the output voltage
dynamics to behave as the target dynamics of (3) by designing the
control input of u(z). To this end, Section 3.1 presents a derivation
of the control law, including an auto-tuner and DOBs. The
behaviour of the closed-loop system is analysed in Section 3.2.

3.1 Controller design

The converter dynamics (1)—(2) can be rewritten as

di
LD = (1 = ) + (o) @
COdVSC[(t) = (1 —u@®)ig(t) + d,(1), (5)

with an initial input voltage value vi, , and the nominal parameters
L, and C,, where d; ((?) and d,(t) denote the lumped disturbances
representing the model-plant mismatches and load variations,
respectively, which are to be estimated and compensated by the
DOBs. Section 3.1.1 designs the outer loop with an auto-tuner by
considering the reference inductor current if ¢(f) as a design
variable. The control input of u(f) for stabilising the inductor
current error dynamics is derived in Section 3.1.2.
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3.1.1 Outer loop: The outer-loop design begins by expressing the
output voltage dynamics of (5) with the reference inductor current
i ef(f) and the inductor current error defined by

i 1(0) = iprer(r) — ig (D) as

Covact) = (1 = u(®))ip.rer(t) = (1 = u(t))i (1)

6
+d,(1). ©
The reference inductor current iy, ¢(¢) is given by
; 1 . ~ .
iLefl) = T = M(I)(Cowvc(t)vdc(t) - d, (1), (7)

where the output voltage tracking error is defined by
Vae(t) 1= Vg ref(t) — vg.(¢) with its reference of vy ref(?), and dAV(z)
and &,.(t) denote the estimated disturbance and adjustable control
gain, respectively. The auto-tuner for @,.(t) is proposed as

Delt) = Fu(Tael) + Puye(D)), (®)

with @,(t) := @, — ®yc(t), ©,(0) = ,, and the design parameters
Yu >0 and p, > 0. The term y,v5.(f) is used to increase the
control gain in a transient state in which the output voltage tracking
error is non-zero. The term p,@,.(t) functions as a damping
component that returns the increased control gain to its initial value
@,.,(0) after the transient state is over. The estimated disturbance

c%v(t) originates from
(1) = = Lz(0) = LCwae(t) — L(1 — u(0))ig (1), )
dy(1) = 2,(0) + L,Covac(1), (10)

with the design parameter [, > 0. Then, the combination of (6)—(8)
provides the closed-loop error dynamics as

faelt) = = oneiaed) + 00
o (i
+U~)vc([)‘7dc(z) - adv(t) + "’dc.ref(t),
Bye(1) = = YTl + pu@rc(D)), (12)

which is utilised in the closed-loop analysis.

3.1.2 Inner loop: The inductor current dynamics of (4) can be
written using the inductor current error i ;(¢) as

Loi 1(t) = = vino + (1 = u(®)vee(r) + dy (1), (13)

d iL. ref (1)
dt
proposed control input

where d; (1) := L,

—dpo(t), which can be stabilised by the

1

“=1+5m

(Lotecd 1.(8) = vino + di0)), (14)

with the design parameter w.. > 0, where the estimated disturbance

(QL(I) originates from

4 = — Lz () — L ()

15)
1. (Vino — (1 = u(®)vae(0),

(}L(t) = 2(0) + I Li 1 (1), (16)
with the design parameter /, > 0. Then, the combination of (13)—
(14) provides the closed-loop dynamics as
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— e 1(0) + (1), (17)

i = ”

which is used for the closed-loop analysis.

3.2 Closed-loop analysis

This section presents and proves useful closed-loop properties of
the proposed controller. First, Theorem 1 provides the exponential
convergence property to the reference output voltage vyc ref(?).

Theorem 1: The proposed control law of (14) with the reference
inductor current of (7), DOBs of (9), (10), (15), and (16), and the
auto-tuner of (8) guarantees the exponential convergence property,
ie.

lim Vdc(t) = Vdc,ref(t) (]8)

= 0
as Ve ref(?), d(f), and d, (?) tend exponentially towards zero.

Proof: 1t follows from the combination of (9), (10), (15), and
(16) that

dy = 1,Covge = — I(d, — LCovao) —
—1,(1 — wi,

2
lv C()Vdc

—I(dy — L Loi ) = B,
+1 o — (1 = w)vge),

d— L, =

which can be rearranged using (6) and (13) as

di= —hdi+di, k=v,L, (19)
with gk =d —dAk, k =v,L. Then, the positive definite function
given by

1., K2 Ky ~2
V: =—Vd‘+—lL+ (o, + —dy,
2% 2 * —Z\;L (20)

k> 0,k >0,

yields its time derivative along the trajectories of (11), (12), (17),
and (19) as follows:

. 1 .
V= vdcvdC + ki LlL + e a)nwm + Z dekdk
k=v,L

—u)- 1~
lL+wchdc _dv

= Vg — @V +
dc( veVde Co CO

. > > 1~
+Vdc ref) + Ki f| — Wl L + EdL

~ ~2 ~
_wvc(Vdc + patwvc)

— z Kklkdk-i- 2 dekdk

k=v,L k=v,L

An upper bound of V is derived using the Young's inequality

€ 2 1 2
xysix + 5y for Ve > 0 as

Wye 5 _ _ 1 ~2
3 K@Wcc 4y, Coz 2 /)alwt c
o . 3 32
+VdcVde,ref — vlv -———ld v
VdcVde,ref (K 40)VCC§) (21)
—(KLIL o )dL + ;kadkdk,
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The inequality (21) can be rearranged with the constants

1)t [ 1
, and Ky 1= ZLS 7

- 1( 3 +1) 1( 3
Wce 4CUVCC(2) ’ T 450ch0

as
. Wye 1 ~2 1~
14 < ——x Vdec — /)atww _dk
3 2 ‘ ;L 2
+ Z Kedidy + Ve refV e (22)
k=v,L
< —aV+wly,
where a:= min 20 1 o, 11
T 3 ’ K’yat ats Kv’ KL )

W= [\}dcyref K,d, KLdL], and y:=[V4 d, d;]. This result
indicates the &,-stability for the input—output mapping of w — y,
and hence, the exponential convergence property of (18) holds as
Vde. ref> d,d;, —0 exponentially. 0

Lemma 1 analyses the cut-off frequency behaviour obtained
from the proposed auto-tuner (8), which is used to derive the
performance recovery property in Theorem 2.

Lemma 1: The proposed auto-tuner (8) ensures that the cut-off

frequency @,.(f) is bounded below from its initial value of
aA)vc(O) = Wy, 1.
Dyl1) > @, 23)

Proof: The proposed auto-tuner (8) can be rearranged as

vac = - Vatpata,\)vc + YatPat®ve + }’ati;(zic’
and integrating both sides yields

—YatPat!

Wy =€ Wye

t
~YatPall = ) ~2
+ f e (YaPa®ve + YaVa)de
0

t
- t - !
>e YatPat @ye + YatPat@vc€ YatPat f eyal/’nLTdT
0
= Wy,
which confirms the result of Lemma 1. O
Theorem 2 asserts the performance recovery property of the

closed-loop system using the result of Lemma 1.

Theorem 2: The closed-loop control scheme exponentially
recovers the target tracking performance of (3), i.e.

[llm Vdc(t) = Véc(t) (24)

as dy(7) tends exponentially towards zero, k = v, L.

Proof: Combining (6) and (7) leads to the closed-loop output
voltage dynamics as

. A 1—u-~ 1~
o = s = ) = ek edy29)

By defining the error variable as Vg := vi. — vy, (3) and (25) yield

—u)7 1~
c =gl (26)

o o

Vde = — WycVdc +
Consider the positive definite function given by
c>0,¢,>0,

V= 2(vdc)+ i+ Z >d
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whose time derivative along the trajectories (17), (19), and (26) is
described as

V* = GEC{;:;C + C;L;L + Cvgivgv + CLngL
« (1 —u)s 1 .. 5

< — @y (e + 7y ip— =Vad
ve C C C(] C() Yy
T2 cCT 3 72 73

—CWed 1+ El dr—cld,+cdd,

_CLngi + CLdLgL .

An upper bound of V" can be obtained using the Young's inequality
and the result of Lemma 1 as

V* <- Dre ({;SC)2 - (chc - 3 - l)72

=773 do G 2"
3 ~2 2\ ~2
_(Cvlv - m)dv - (CLIL - Zc_lj)dL 27
+ Z dekgk
k=v,L

The inequality (22) can be rearranged with the constants

o= I(LH) c._l(LJrl) C._l(C_ZJrl)
T o \do, ) T Waw 2 2) TR\ 22 T 2)

and y* := min 2o 11 1
ve= 3 °c’¢, ¢

e WDye i 2 1+ 1~ [

V < _T(Vdc) _zlL_k:ZLEdk-'-kz crdidy

v, =v,L

IN

—rV+ Y adds,
k=v,L
which indicates the performance recovery property of (24) as d,
and d; tend exponentially towards zero. 0
The proposed control law of (14) and (7) does not incorporate
the integration actions of the tracking errors. In actual

implementations, the closed-loop system might suffer from steady-
state errors. This issue is rigorously addressed by Theorem 3.

Theorem 3: The proposed controller comprising (7)—(10) and
(14)—(16) ensures that

Vae(o0) = Vdc,ref(oo)s (28)
where lim, _ o, v4c(t) = vgc(00) and lim, _ o, Vdc,ref(t) = Vdc.ref(°°)~

Proof: The error dynamics of (11), (17), and (19) yields the
steady-state equations

0= = r(0)iae(o0) + =i o0)
. ' (29)
— (o),
0= — @ () + i&L(oo), (30)
0= —hdy(o), k=v,L, (31

where lim,_ o f(#) = f(co0) for any scalar function f(-). By
combining (29), (30), and (31), v4.(c0) = 0 is derived. Therefore,
the assertion in Theorem 3 holds true. o

Remark 1: This remark provides a systematic tuning guideline
for the proposed controller.
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(i) Set the design parameters for the DOBs and auto-tuner as
I, =1, =0andy, = p; = 0, respectively.

(i) Increase the cut-off frequency w,. from a small positive value
until an appropriate transient performance is obtained, whereas the
cut-off frequency w,. is always set to be at least ten times w,. to
separate the dynamics of the inner and outer loops.

(iii) Increase the DOB design parameters /, and /; from small
positive values to some values at which the steady-state errors
disappear with no noise amplification.

(iv) Increase the auto-tuner design parameter y;, from a small
positive value until a satisfying transient performance is obtained

with the design parameter p,, = P where 7 is the time constant
st

for the control gain to return to its initial value. It is recommended
to set 7 to ~35.

4 Experimental results
4.1 Experimental setup

Experimental verification was conducted using a 5 kW prototype
DC/DC boost converter to verify the effectiveness of the proposed
controller whose schematic is shown in Fig. 2. A DSP28377 (Texas
Instruments) was used to implement the proposed controller with
control and pulse-width modulation periods of 0.1 ms. The
inductor and capacitor values for the converter were given as
L =1mH and C = 700 uF, respectively, and their nominal values
were assumed to be Ly = 0.7LmH and C, = 1.2 CuF, respectively,
to consider model-plant mismatches. The input DC source voltage
was initially set to vy, =50V. Fig. 3 shows the experimental
setup. The output voltage tracking and regulation performance of
the proposed controller were evaluated under linear and non-linear
load conditions in comparison with those of the conventional FL
controller. The effects of the auto-tuner design parameter on the
tracking performance were also investigated. The gain selection of
the proposed and FL controllers is presented in the following
subsection.

Implementation of the Proposed Control Scheme |
|
viml) ‘
e PWM
Vee.rg N + Inner-Loop 4 . |g;lal
PWM
Control Control (14)

[Y
@,

Ve
Auto-Tuner

|
|
|
JJ L Outer-Roop
|
|
|
|
|
|

2 —
)| Control Board [
B (DSP28377)

Fig. 3 Experimental setup
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<Proposed Method > <FL Method >

v, =150 [1']

v, =150 [V]

25 [V/div]

v, =100 [V

Time [500 ms/div]

Time [S00 ms/div] |
—_, ( @R, =25Q)

— v (@R, =250)

—:v, (@R, =100Q) —:v, (@R, =100Q)

Fig. 4 Output voltage tracking responses under the three resistive loads of

Ry, = 25,50,100Q

< Estimated Disturbances > [

.........,.,m

[\ N\— & | _ J
|
\

" <Cut-Off Frequency >
]5 [(rad/s)/div]
|

) I4 [Value/div]
50.27 [rad/s]

| ,‘ .
Time [500 ms/div] |

AN o e fB A
Time [500 ms/div] |

Fig. 5 Cut-off frequency and estimated disturbance behaviours under the
resistive load of R;, = 25Q

<FL Metho&?
i

_ 150 N
1;{7150[1/] \ v, =150 [V] \
50 [V/div] ]50 [V/div]VW

Time [500 ms/div]

<Proposed Method >

Time [500 ms/div]

I [avdiv) [ [Azdiv]

|

e atasaania s

Time [500 ms/div]
—_ v, (aR =200 to 25Q)

Time [500 ms/div]
— v, (@R, =200 to 25Q)

=

— v (@R, =50 to 25Q) — v, (@R, =50 to 25Q)

Fig. 6 Output voltage regulation responses under the three load changes
between Ry, = 50,100,200 Q and R, = 25 Q in a stepwise manner

4.2 Controller gain selection

The gains of the proposed controller were set to be w,. = 50.27,

e = 0283, 1, =1, =314.2, y, = 0.8, and p,, = 6.25 based on the
guideline presented in Remark 1.
The FL controller is given by

u([) ([)( pcl L(t) + ch/ ;L(T)df

+ (Vdc(t) - Vin))s

(32)

t
iL,ref(t) = va\jdc(t) + Kivf Gdc(T)dT . (33)
0

By selecting the control gains using the nominal parameters L, and
Cy, and the cut-off frequencies w,. and w,. as

Kpc = 2Lwcc, Kie = Lowgc,
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_ 1 _ 1 2
K, = 1——14(t)2C°w”’ K;, = T—u(n) Cowie

the following frequency responses are obtained:

v, ey, Dy
dc(s) S+ Wy dc, ref(s) + m dc,ref(s)
(34)
s
+———D, (s
Cols + w,0) o)
Wee WeeS
Ii(s) = Tt IL ref(s) + mlhrct(s)
(35)
K
+———D; (5), Vs € C,
LG+ ot
where D, o(s) is the Laplace transform of

dyo(t):=d()— (1 - u(0))i 1(t). As the second and third terms on
the right-hand sides of (34) and (35), which represent the second-
order dynamics caused by the integrators and disturbances,
respectively, are negligible for sufficiently small s, they can be
approximated by the following closed-loop transfer functions:

Vdc(s) ~ Wy IL(S) ~ WD
Vdc,ref(s) s+ wvc, IL.ref(S) S+ e '

The cut-off frequencies of the FL controller were set to be equal to
those of the proposed controller for fairness of comparison. The
experimental results under linear and non-linear load conditions are
provided in Sections 4.3 and 4.4, respectively.

Remark 2: The second and third terms on the right-hand sides
of (34) and (35) cannot be ignored in transient conditions with non-
negligible s. The adverse effects from these terms are only
suppressed indirectly by a cut-off frequency tuning, for which it is
difficult to formulate a systematic guideline. By contrast, the
proposed controller includes the auto-tuner and DOBs to suppress
directly the effects from disturbances, and the controller gains can
be easily selected based on the guideline presented in Remark 1.

4.3 Experiments under linear load conditions

4.3.1 Evaluation of tracking performance: The reference output
voltage Ve ref(f) increased from 100 to 150V at r=1s and
decreased back to 100V at r=2s under three resistive load
conditions R; = 25, 50, 100 Q. Fig. 4 shows the resulting output
voltage responses, which demonstrate that the proposed controller
provided uniform output voltage responses for the three different
load conditions, even with the fixed design parameters. By
contrast, the FL controller showed different transient performances
depending on the load conditions. The time-varying cut-off
frequency adjusted by the auto-tuner and the estimated disturbance
from the DOBs under the resistive load condition of R; = 25 Q are
presented in Fig. 5.

4.3.2 Evaluation of regulation performance: The reference
output voltage was given by vy ef(f) = 150V with sudden load
changes where the resistive load was changed from
R;, = 50,100 and 200Q to R; = 25Q at ¢ = 1s, and returned to its
initial value at t = 2s. The resulting output voltage responses for
the three load changes are shown in Fig. 6, which verifies the
effectiveness of the proposed method with the remarkable
reductions in the under- and over-shoot while rapidly driving the
inductor current.

4.3.3 Effect of auto-tuner design parameter on tracking
performance: The effect of the auto-tuner design parameter on the
tracking performance was investigated in an identical scenario to
the experiment in Section 4.3.1 with a resistive load of R, = 25 Q.
The design parameter p,; was changed from 0 (i.e. the auto-tuner is
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disabled) to 0.4 and 3, whereas the design parameter y,, was
maintained the same as that in the previous experiments. The initial
cut-off frequency w,. was set to 1 Hz to observe the effect of the
auto-tuner. The resultant output voltage responses and the
corresponding behaviours of the cut-off frequency are presented in
Fig. 7. As expected, the output voltage tracking performance was
enhanced by the auto-tuner, which automatically adjusted the cut-
off frequency. Notably, this transient performance improvement did
not yield an increase in the sensitivity of the control system, which
can be indirectly judged by the noise level of the output voltage.
The trade-off between the transient performance and sensitivity can
be resolved by increasing the cut-off frequency only in transient
states.

4.4 Experiments under non-linear load conditions

A 3 kW permanent magnet synchronous motor (PMSM) driven by
a voltage—source inverter (VSI) was used to provide non-linear
load conditions. The specifications of the PMSM drive are listed in
Table 1. The non-linear load conditions were changed by the stator
current (/) of the PMSM, whereas the rotational speed of the
PMSM was controlled to be constant at 1000 RPM using a load
motor.

Fig. 7 Output voltage tracking responses and the corresponding cut-off

Changing 7, — 0, @7.,=0)
as0,04,3 Sv?”"— q iy B M\
(@R _asof 7 1(Ir“150 [V] J\\_ :(;\ (@7.:3)
, =25Q)) I ‘
| [\
o) Fidi ‘ \ <
‘ 25 [V/div] | \20 [(rad/s)/dlv]I
v, =100 [V'] ,gzg,[riij |
Time [500 ms/div]|'H Time [500 ms/div]

frequency behaviours for the three different auto-tuner design parameters

Py =0,04,3

Table 1

PMSM drive specifications

DC-link voltage
rated stator current
rated speed

rated torque
switching frequency

100V
50 A
1200 rpm
40 Nm
10 kHz

T < Pfoposeﬂ Method >
v, =150 [V]

25 [V/div]

v, =100 [V

| | Time [500 ms/div]
— v, (@I, =304)

—v, (@I, =154)

ZFL Method >
B ov, =150 [V]
1 '

25 [V/div]

| Time [500 ms/div]
— v, (@1,=304)

— v (@R, =154)

Fig. 8 Output voltage tracking responses under the three non-linear loads

of [, =15,25,30A

" <Cut-Off Frequency >
5 [(rad/s)/div]

=t

| 50.27 [rad)s]

Time [500 ms/div]

it
1 14 [Value/div] o [

<Estimated Disturbances >
MWM
USRS e S—

Time [500 ms/div]|

Fig. 9 Cut-off frequency and estimated disturbance behaviours under the

non-linear load of I, = 30 A
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4.4.1 Evaluation of tracking performance: The reference output
voltage Ve ref(f) increased from 100 to 150V at r=1s and
decreased back to 100V at r=2s under three load conditions
I,=15,25,30A. Fig. 8 shows the resulting output voltage
responses, which demonstrate that the proposed controller also
provided uniform output voltage responses for the non-linear loads,
even with the fixed design parameters. By contrast, the FL
controller yielded over-shoots that varied with the load. The time-
varying cut-off frequency adjusted by the auto-tuner and the
estimated disturbance from the DOBs under the load conditions of
I, = 30 A are shown in Fig. 9.

4.4.2 Evaluation of regulation performance: The reference
output voltage was given by vy ef(f) = 150V with sudden load
changes where the stator current was changed from /; = 30 A to
I;=5,10 and 20 A at ¢t = 1s, and returned to its initial value at
t = 2. The resulting output voltage responses for the three load
changes are shown in Fig. 10, which also verifies the effectiveness
of the proposed method for non-linear loads with the remarkable
reductions in the under- and over-shoot while rapidly driving the
inductor current. However, the inductor current obtained with the
proposed method showed higher ripple than that obtained with the
FL method. This is because the proposed method, which was
shown to have a higher cut-off frequency than the FL method,
responded sensitively to the switching harmonics caused by the
VSI load. Increasing the cut-off frequency of the control system
inevitably increases the sensitivity to high-frequency components.
Nonetheless, the inductor current ripple of the proposed method
can be significantly reduced if the switching operations of the VSI
and converter can be synchronised so that no switching harmonics
are measured at the control step of the converter.

4.4.3 Effect of auto-tuner design parameter on tracking
performance: The effect of the auto-tuner design parameter on the
tracking performance was investigated in an identical scenario to

the experiment in Section 4.4.1 with a non-linear load of /; = 30 A.
The design parameter p,, was changed from 0 (i.e. the auto-tuner is
disabled) to 0.4 and 3 while the design parameter y, was

maintained the same as that in the previous experiments. The initial
cut-off frequency w,. was set to 1 Hz to observe the effect of the
auto-tuner. The resultant output voltage responses and the
corresponding behaviours of the cut-off frequency are presented in
Fig. 11. As expected, the output voltage tracking performance was
enhanced by the auto-tuner, which automatically adjusted the cut-
off frequency.

The experimental results confirmed that the proposed method
provided enhanced and uniform transient performance for the
output voltage control regardless of the type and degree of load
even in the presence of model-plant mismatches without any
steady-state errors. The performance of the conventional FL
controller could also be improved by scheduling control gains
depending on the operating conditions. However, the gain
scheduling approach requires expensive experimental efforts to
tune the control gains manually or heavy computational burden to
solve the optimisation problems under various constraints in real
time [9]. By contrast, the proposed controller consists of several
predetermined equations including the outer- and inner-loop
control laws, auto-tuner, and DOBs, which are relatively easy to
implement compared with the FL controller with gain scheduling.
These properties would be highly beneficial for electric vehicle and
solar power generation applications where the parameter and load
variations are large. The proposed control technique could be a
reasonable alternative to the conventional methods.

5 Conclusions

In this study, a non-linear output voltage tracking controller for
DC/DC boost converters was proposed. An auto-tuning algorithm,
which automatically updates the control gain during transient
periods, was devised as a means of improving the transient
performance. A proportional-type control law and DOBs were
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Fig. 11 Output voltage tracking responses and the corresponding cut-off’
frequency behaviours for the three different auto-tuner design parameters
of py =0,0.4,3

designed for the output voltage control together with the auto-
tuner. Theoretical and experimental analyses showed that the
closed-loop system provided enhanced and uniform transient
performance even in the presence of system uncertainties without
any steady-state errors.
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