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ABSTRACT. Quadratic boost converters are highly nonlinear, high-order, nonminimum
phase systems and bilinear in nature that present challenges to the regulation of their
output voltages. In this paper, the uncertainty and disturbance estimator (UDE) scheme
s successfully extended to the design of a robust nonlinear controller to tightly requ-
late the output voltage of the quadratic boost converter. The parameter uncertainties and
disturbances are lumped as a signal that is accurately estimated using a low-pass filter.
This estimate is then used by the controller to cancel the effect of the disturbances and
uncertainties. This methodology forms the basis of the UDE-based controller. Using sim-
ulation, the effectiveness of the developed controller is compared with the widely popular
proportional integral (PI) and sliding mode cascade controller that has shown excellent
features in terms of output tracking abilities, robustness to system uncertainties and
disturbances. Experimental results are also presented to validate the effectiveness and ro-
bustness of the proposed controller.

Keywords: Quadratic boost converter, Robust control, Uncertainty and disturbance
estimator (UDE)

1. Introduction. Nowadays, DC-DC power electronic converters have many industrial
applications such as in vehicular electrical systems, in photovoltaic systems, wind en-
ergy battery-storage systems and contant power load systems [1-5]. Their wide ranging
use in industry has generated an increase interest in the design of stabilizing controllers.
When a large voltage step-up ratio is needed in the context of boost-type DC-DC con-
verters, the second order traditional boost converter is no longer practical and numerous
high-gain transformer-based and transformer-less based topologies have been developed.
Among them, an interesting and attractive topology is the transform-less quadratic boost
converter with a single switch which will be the topology chosen in this work.

The design of a controller to regulate the output voltage of a quadratic boost converter
presents a challenge since the converter is a nonlinear, high-order and nonminimum phase
system. Currently, the basic control strategy involves the use of an inner loop to control
the input current and the use of an outer loop to regulate the output voltage. For the inner
current loop, the current-programmed control mode is used in [6] and the average current
control mode is used in [7]. In both studies, a PI controller is designed for the outer loop
voltage. In [8], the quadratic boost converter is presented based on the reduced redun-
dant power processing principle using current-programmed control for the inner loop and
a PI for the outer loop. In [9], a hysteresis-based controller is designed with the fast inner
current loop using sliding mode control and the slow outer voltage loop using a PI con-
troller. The designed controller offers many advantages such as ease of implementation,
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tight output regulation, fast transient response and robustness to parametric uncertain-
ties and large input voltage and load disturbances. However, the controller suffers from
variable switching frequency that can cause excessive switching losses with the problem of
electromagnetic interference. In [10], two fixed-frequency PWM-based SM controllers are
presented with the sliding surface composed of state variables and the integral and double-
integral terms of the output state-variable error. These controllers are implemented using
the measurements of the current of the output capacitor and the voltages across the two
capacitors of the converter and in addition, controller 1 requires the knowledge of the
input voltage. The experimental plots depict only step load variations and the robustness
to input voltage variations is not tested. In [11], an adaptive current-mode is proposed
that uses the estimate of the load conductance to generate the controller for a hybrid-type
high-order boost converter and in [12], a modified voltage-mode controller is considered to
regulate the output voltage of the single-switch quadratic boost converter. In both stud-
ies, the implementation of the controllers requires the knowledge of the input voltage. In
[13], the simple adaptive control (SAC) scheme is successfully implemented to regulate the
output voltage of the quadratic boost converter. The implementation of the SAC requires
only the measurement of the output voltage and its robustness is validated experimentally
against step input voltage and load disturbances. In [14], a controller is proposed based
on an inner loop with a sliding mode controller for reaching a desired equilibrium state
and an outer loop with integral-type controller for assuring robustness against load and
input voltage variations and converter parameter uncertainties. The proposed controller
also deals with sudden changes in the nominal operating conditions. However, the result-
ing sliding function designed is a nonlinear function of all the state variables that must
be measured. The proposed control law is discontinous and the presence of chattering
effects is shown in the experimental plots. In [15], a non-linear robust control law based
on the Brunovsky canonical model of the converter is developed in the presence of an
unpredictable load with an observer to estimate the output disturbances. The implemen-
tation of the controller requires four sensors to measure all the state variables. In [16], a
PWDM-based current-sensorless robust sliding mode controller for the DC-DC quadratic
boost converter is proposed that requires only one sensor for the ouput voltage measure-
ment. An extended state observer is used to estimate a lumped uncertainty signal that
comprises the uncertain load and the input voltage and also to estimate the derivative of
the output voltage. A linear sliding surface is used to derive the controller that is simple
in its design and yet exhibits excellent features in terms of disturbance suppression despite
the absence of the inductor current feedback. However, the robustness of the controller is
validated only by simulation and no experimental results are provided.

In this work, a fixed-frequency pulsewidth modulation controller is designed to regulate
the output of the transform-less quadratic boost converter with a single active switch by
successfully extending the uncertainty and disturbance estimator (UDE) scheme [17,18]
to a highly nonlinear, high-order, nonminimum phase and bilateral device. The basic idea
behind the UDE method is the use of a filter of appropriate bandwidth to estimate a
lumped signal composed of system uncertainties and time-varying external disturbances.
This methodology yields a simple controller design and does not require any complicated
estimation schemes or nonlinear disturbance observers that are designed in the context of
adaptive controllers. The contributions of this paper are as follows:

1) Successful extension of the UDE-based controller methodology and its implementa-
tion for the quadratic DC-DC boost converter that is a high-order, bilinear in nature and
nonminimum phase system;

2) Development of a simple procedure that systematically determines the parameters
of the controller to achieve a satisfactory response;



INT. J. INNOV. COMPUT. INF. CONTROL, VOL.21, NO.1, 2025 101

3) Using simulation, the effectiveness of the proposed controller is compared against the
widely popular robust sliding mode controller of [9] and its robustness is also validated
experimentally.

The structure of this paper is as follows. In Section 2, the quadratic boost converter
model is presented. Section 3 introduces the UDE-based controller design and Section 4
presents the stability analysis. Section 5 describes the effects of the controller parameters
on the output transient response and presents a procedure for their selections to achieve
a satisfactory transient output response. In Section 6, a computer simulation comparison
of the proposed controller with the work in [9] is presented. In Section 7, simulation and
experimental results are presented to validate the robustness of the proposed controller
and finally the conclusion is provided in Section 8.

2. Quadratic Boost Converter. A basic quadratic boost converter with a single active
switch is shown in Figure 1. Under continuous conduction mode, the averaged model of
the converter is

. T3 FE
= (1 —u)=2 4+ =
I ( U)Ll + L1
by =—(1—u) A48
By = (1—u)=t — 2
’ c, C
. T2 Ty
—(1—u)== —
t={1-vE — 5e

where 21 € R >0, 20 € R> 0, 23 € R > 0 and x4 € R > 0 are the current iy, through
inductor L, current i, through inductor Ls, output voltage Vi across capacitor C; and
the output voltage Vo across the capacitor Cy, respectively. The external input voltage
is represented by E and the load by the resistor R. The control input u to the converter
is the duty ratio function.

P,
i
L1m 0’1 . m{l;2 Dﬁ .
ET i Voq== C L2 dJE c, v, §R

F1GURE 1. Quadratic boost converter

Assuming that the equilibrium of x4 is x4, = V,¢s With Vs being the desired output
voltage, the solution to the equilibrium point (z1, 2, T3, 4, u) = (Z10, T20, T30, T40, Uo) 1S

T1o = Lpefs L20 = / Io]re y L30 = 1/ VrefE, Lo = Vryef (2>

From (1) and (2), the equilibrium of the control input « is given by

V. (3)

_ V’I‘Qf‘f _ Vrr:f
where I,y = 7 and [, = -
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3. UDE-Based Controller Design. In this section, a simple design of the UDE-based
controller for the quadratic DC-DC boost converter is presented. From the second equa-
tion of (1), we have

T3 = (]_ — U)(L‘4 -+ Lgftg (4)
and from the third equation of (1), we have
To = (1 — U)[L’l — Cli'g (5)

Substituting (4) and (5) into the first and fourth equations of (1) respectively, we obtain

Ty = im + fi(t)

L
' (6)
Ty = _62951 + fa(t)

where I P

_(_ A TR P
fi(t) = ( 14+u—u ) I (1 u)leQ + I (7)

and

o . 2 ﬂ . . ﬁ . T4

fat) = (1 u+u ) 3 (1 —u) C2x3 RG, (8)

It is an easy task to include in the lump signals fi(¢) and fo(¢) the uncertainties of
the component values and the unknown parasitics of the converter such as the inductor
equivalent series resistances, the MOSFET on-resistance, the diode forward resistances,
the conducting voltage of the diodes and the capacitor equivalent series resistances.
Let e4 = x4 — Vier and
€1 =T — iref (9)

where 4, is the reference current for the current loop given by

t
iref = —Kp64 — Kl/o 64d7' (10)

with K, and K; the proportional and integral gain, respectively. The controller u is
designed such that the state error e; satisfies the error dynamics equation

61(t) = —ozel(t) (1].)

where a > 0 is a design parameter. Using (6), (9)-(11) and the fact that é¢; = 4, the
controller u satisfies

u ﬁ — Kpﬂ = —ozel(t) — fl — Kpfg — Ki€4 (12)
Ly Cs

The controller u cannot be implemented since f; and f5 are unknown. However, they can

be accurately estimated using a low-pass filter such that

fu=fixgs(t) (13)
and )

fo= faxgs(?) (14)
where ‘x” is the convolution operator and g;(¢t) = L£L7'{G(s)} is the impulse response
of the low-pass filter with G,(s) its transfer function and £7'{.} the inverse Laplace

transform operator. Replacing f; and fy; by their estimates fl and fg, respectively, we
now have

T T ~ ~
u |:L—i — Kpél = —ael(t) — f1 — Kpr — Ki€4 (15)
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Substitution of the control action given by (15) into the derivative of (9) and making use
of equations in (6) yield the following error dynamics

er(t) = —aei(t) + [it) + Ky fa(t) (16)

where f; = f1 — fl and fo = fo— fg are the estimation errors of the lumped uncertainties.
In this work, we consider a strictly proper low-pass filter whose transfer function is

1
Gf() 1+ 7s

where 7 is the time constant of the filter. In view of (13), (14) and (17), the estimated
errors are

(17)

fu=fixL7H1=Gy(s)}, fo= for L1 = Gy(s)} (18)
If the filter G¢(s) is designed close to unity over the spectrum of the lumped uncertainties,
then we may assume that f; =0 and f, = 0 and from (16) we have

é1(t) = —aeq(t) (19)
Using the estimates (13) and (14) with the substitution f; = (9’31 —uf—‘i) and f, =
<:ic4 + u%) obtained from (6) into the control action (15) yields

L4 . Ly . L1
|:L1 KPCJ = —aeq(t) — (xl - uL—) *gp — (pr4 + qu@) * g — Kieq (20)

1
For any continuous time function z(t¢), the following relationships [19] hold
o(t) — a(t) * g5(8) = 2(t) % £ (1 = Gy(s)
1
_ —1 101 _
x(t) = x(t) x L <1 — G’f(s)> * L7(1—Gg(9)) (21)

i(t)xgs(t) = x(t)x L7 <£LC$ZS)) * L7H1 — Gy(s))

Using the relationships in (21), the controller given by (20) reduces to

— Kyuyx L, (_1 iGg;(fS()s)ﬂ .

Using (17), the following relationships hold
1 1 sGy(s) 1
_ =14 — [——— ) == 23
1—Gy(s) T (I—Gf(s)> T (23)
In view of (23) and applying the convolution operator, the UDE-based controller (22)

reduces to
1

YT o {(_Kie‘l aer) K / eqdT — —/ e dr — 71 _ Kp%:| (24)
(1_4 — K ﬂ) T T
Ly pCQ

Using the substitution of x; = e; + i, = €1 — Kpeq — K; fot eqdt and x4 = ey + Vp inside
the brackets of (24) yields

1 ! Vie
) |:(—Ki64 — 0661) — %/0 61d7' - % — Kp f:| (25)

L4 Z1 T
<L1 KpCQ

u =
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with z; € R >0 and 24 € R > 0.
Remark 3.1. In view of (13), (14) and (17), the dynamics of the estimates are

; t ; ot
flz_fl_()_|_ﬁ, f2:_f2_<>+é (26)
T T T T
From FEquation (26) and using f1 = fi—fi, fg = fo — fo, the dynamics of the estimation
errors are

f1=—lf1+f17 f2=—lf2+f2 (27)
T T

In view of (27) and assuming that the derivatives of the lumped uncertainties f1 and fg
are bounded, the accuracy of the uncertainty estimates requires that the time constant T
of the low-pass filter be as small as possible. However, in practice, its value is determined
by the computational capability of the controller and the system noise.

Another way of looking at the estimation using a low-pass filter is the derivation of a
reduced observer in the state space form [18]. We will derive only the estimation of fi

since the estimation of fo will be similar. Using f1 = (21 — u—ﬁ) into (20), the dynamics
of the estimate fl are )

A f1 (t) 1 . UL 4

hi T + T = Ly (28)

To circumvent the unavailability of the measurement of &1, we make the following change
of variable

~ x
()= filt) - = (29)
Taking the derivative of (29) and using (28) yields the following reduced observer for fi(t)
1 1 ULy
f) = —a(f) — 2L 4
R (30)

However, this reduced observer approach rather than the frequency domain approach will
result in a more complicated controller.

4. Stability Analysis. In this section, the stability analysis of the quadratic boost con-
verter subject to the controller given by (25) is analyzed and a local stability region is
determined in order to adequately select the controller gains.

Using the substitutions z1 = e; + iy = €1 — Kpeq — K; fot esdT, o = €9 + T9,, T3 = €3
+ 3, and x4 = €4 + 74, into (1) and (25) yields the following equations

) (1 —u) (1 —u) K E
e = — I (€3 + x30) + KpTZ(62 + T9,) — R(/fz (€4 + x40) + Kieq + L_1
. 1 - + o
€y = _d=u) (€4 + 240) + (€5 + 3,)
L, Ly (31)
) 1—u) (€2 + 20)
€3 = c, (e1 — Kpeq — Kixyq) — T
. (T—u) (€4 + Z40)
€4 = Cg (62 + 3320) RCQ
where
1 Ve
= —Ki€4 — ae] — gxn - 2 - Kp f (32)

(eatzwsao) K (e1—Kpea—Kiza4) { T T
Ll p CQ
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with the state variables xy; and z44 defined as

t t
11 = / €1d7', T4 = / €4d7' (33)
0 0

Tl = €1, Tag = €4 (34)

In this case, we have

The equilibrium points of x1; and x4 denoted by x11, and x4, respectively are

o Vre [re Vre
wllo:_uT( f—K f)—K /

p

L"ef
Thao = —
44 K,
We define the following errors
€11 = X11 — T1lo; €44 = T4a — T44o (36)

Proving the stability of the overall system is a difficult task. Therefore, the stability
analysis will be based on linearization, a classical method adopted in several studies such
as in [9].
We define the unique equilibrium point of the system (30) and (33) as (e}, e}, €5,
ei, er,er,) = (0,0,0,0,0,0) and its linearization about the equilibrium is
€= Aé (37)
where éT = [él éll ég ég é4 544} with

~ * ~ * ~ *
€1 =€ — €, €11 = €11 — €y, €2 = €2 — €9

(38)
~ * 5 * 5 *
€3 = €3 — €3, €4 = €4 — €y, €44 = €44 — €yy
and where the matrix A is given by
B T30 Z20 T30 20 Kp (uo - 1) T30 Z20 Kp T30 Z20 T
— - b —bK,— —(1-— — — — K; d—— — dK,
YLy T, T v, G L) o o T, TRe, TR 4T P 0y
1 0 0 0 0 0
Vrrz V're f 1 o—1 V're V're f
o Vret pYref 0 1 Wo—1) | Vs gVt
Lo Lo Lo Lo Lo Lo
1—wuo Irr: I're' 1 K Ire Ki I’I‘E
(L=to) _ Iy b S 0 2P (g —1) — e 2wy — 1) — d2
C C1 C1 C1 C1 C1 C1 Ch
—a%2e _pP2e i(1 — Uo) 0 LN 22 %2
Ca Ca C RC> Ca Ca
L 0 0 0 0 1 0 |
with
(—a+1)LiCy + K, Lyu,
a =
(CZVref - KleL“ef)
_aliCs
b= z
(CQVref - KleL"ef) <39)
—KiLng — (CQ + Kng) Uo
CcC =
(02‘/7“@” - Klelref)
L —KELu,

(02‘/7‘6]” - Klelref)
The system (37) is stable if the eigenvalues of the matrix A computed as

|sI — Al =0 (40)
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lie in the open left-hand s plane with s being the complex variable.

Since the effectiveness of the proposed controller will be compared against the robust
sliding-mode controller proposed in [9], the parameters of the converter used in [9] are
therefore considered in the simulation for consistency. They are given as

Ly =120 uH, Ly = 4.7 mH, C, = Cy =9 uF
R=280009Q, E=25V, V,; =400V

Using (37)-(41), the evaluation of the stability region in the K, — K; plane is given in
Figure 2.

(41)

3000 T T T

0 1 1 1
0 0.05 0.1 0.15 0.2

Kp

F1GURE 2. Evaluation of the stability region

5. Effects of the Controller Parameters on the Output Transient. The imple-
mentation of the controller given by (25) requires the proper selection of a, 7, K, and
K;. Many simulations were performed to investigate their effect on the transient output
response. This section presents simple tuning guidelines of the gains in order to obtain a
satisfactory output response.

1) The decay rate « of the error dynamics of e;(t) given by Equation (19) should be
selected high enough to ensure that the motion rate of the current is much faster than
the motion rate of the output voltage. To this end, we may select

10
>
— RCY

2) The accuracy of the uncertainty estimates requires that the time constant 7 of the
low-pass filter to be as small as possible. However, in practice, its value is determined by
the computational capability of the controller and the system noise.

3) The effect of the proportional gain K, and the integral gain K; that define the
reference current given in (10) on the output response are individually investigated using
Matlab/Simulink with the following observations:

For a given value of K, an increase in K; reduces the settling time after the onset
of load and input voltage step changes with a minimum effect on the output overshoot.
However, as the value of K; increases, the percent overshoot during start-up output tran-
sient increases. Therefore, there is a trade-off between the recovery time after input and
load disturbances and the overshoot of the start-up output transient.

Keeping K; constant, an increase in K, reduces the overshoot during load and input
changes with a minimum effect on the recovery time. However, as the value of K, increases,
there is the possibility of small steady-state oscillations at the output voltage. Based on
these observations, the following tuning guideline for the selection of K, and K is proposed
as:

«

(42)
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Select the maximum gain K, that ensures the stability of the system (37) and select
K,; = 0. If the output voltage response is satisfactory with no steady state oscillations,
then increase K; to reduce the recovery time due to external disturbances until a maximum
prespecified percent overshoot during start-up output transient is reached. On the other
hand, if the output response exhibits small steady state oscillations for maximum K,
with K; = 0, then reduce K, until a smoother satisfactory output response is achieved.
Accordingly, adjust K; until the maximum allowable overshoot is achieved for the start-up
output transient.

6. Comparison Simulation with Sliding Mode Control. A Matlab/Simulink simu-
lation is performed to compare the robust sliding-mode controller in [9] with the proposed

controller for the quadratic boost converter whose parameters are given in (41).
The SMC proposed in [9] is

u=0.5(1 — sign(9)) (43)
where the switching manifold S is given by
S =z — Ig(t) (44)
with
t
Ig(t) = —K,(x4(t) — Vi) — Ki/ (24(N) = Vi) dX (45)

The PI gains are determined to be K, = 0.0268 and K; = 13.3.

For the UDE-based controller, a PWM modulator with a switching frequency of 100
kHz is used. The parameters of the UDE controllers are chosen using the tuning guidelines
of Section 5.

From (41) and (42), the decay rate is o > 130. In this simulation, o = 250 is chosen.
For a simulation sampling time of 0.1 s, the filter time constant is appropriately chosen
as 7 = 5 us. The maximum gain K, to ensure stability of the system (37) is K, = 0.18.
With this gain, the output exhibited a small steady state output oscillations. The gain was
reduced to K, = 0.1 for a smoother response. The gain K; was increased to K; = 30, to
meet the maximum permissible overshoot of 20% used in this simulation. Please note that
K; should be high enough to reduce the recovery time during input and load disturbances
but not too high to cause unacceptable transient output overshoots. In summary, the
parameters of the controller are

a =250, 7=5us, K, =0.1, K; =30 (46)

As in [9], input and load variations as well as reference voltage steps are applied to the
converter in the extreme values of the converter operational range.

6.1. Output power disturbance rejection. Figure 3 shows the simulation plot of the
output response due to load variations. In this case, a step disturbance of 62.5 mA (25%
of the nominal load) is applied to the converter operating at different equilibrium points.
The maximum voltage deviation is 2%, and the disturbance is completely rejected in less
than 29 ms. Using the controller proposed in [9], the maximum voltage deviation reported
is 4.9% and the disturbance is completely rejected in less than 72 ms.

6.2. Input voltage disturbance rejection. Figure 4 shows the simulation plot of the
output response due to input voltage disturbance. In this case, a step input voltage of
+5 V is applied to the converter if the initial input voltage is 15 V and a step of —5 V
if the initial voltage is 25 V. It is seen from Figure 4 that the maximum voltage deviation is
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430 ] T T ;
- Setﬂing time: 0.029 s — Po=100W, Vin=25V |
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° ——— Po=20W, Vin=25V
2 40 Po=20W, Vin=15V I
S 400 - - -
2 390 - \ |
-
O 3801 Overshoot: 2% 1

370 1 1 .

0.0 0.02 0.04 0.06 0.08 0.1

Time (s)

Fi1GURE 3. Transient response to output power step disturbances in the
extreme values of the converter operational range
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FIGURE 4. Transient response with input voltage step disturbances in the
extreme values of the converter operational range

Overshoot : 17.67% '
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FiGURE 5. Transient response to a voltage step change in the extreme
values of the converter operational range

2.5% and the disturbance is completely rejected in less than 28 ms. In [9], the maximum
voltage deviation reported is 5.4%, and the disturbance is completely rejected in less than
62 ms.

6.3. Set-point change transient response. Figure 5 shows the simulation plot of the
output response due to a reference voltage step of 60 V from a regulated output voltage
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of 400 V. It is seen from Figure 5 that the overshoot is 17.67% and the settling time
is approximately 35 ms. In [9], the overshoot reported is 45% and the settling time is
approximately 72 ms.

Please note that the region of stability given in Figure 2 is larger than the one defined
in [9] that shows that the system is stable for much smaller values of K, and therefore,
limits the choice of the proportional gain for a better performance of the system.

7. Simulation and Experimental Results. In this section, some simulation and ex-
perimental results are performed to validate the robustness of the proposed controlled in
the regulation of the quadratic boost converter subject to input and load disturbances.
The parameters of a 2-W prototype of the quadratic boost converter are considered in
these experiments and they are

Li=180uH, Ly=1mH, C; =C, =20 uF, R=10009Q, E=6V, V,y =20V (47)

7.1. Simulation results. The parameters of the controller (25) are selected based on
the tuning guidelines of Section 5. From (41) and (42), the decay rate is « > 500. In this
experiment, o = 1000 is chosen. The accuracy of the uncertainty estimates requires that
the time constant 7 of the low-pass filter to be as small as the computational capability
of the controller allows it. The dSPACE 1104 real-time controller board used in this
experiment limits 7 to be no less than 50 pus. The maximum gain K, to ensure stability
of the system (37) is K, = 0.38. With this gain, the output exhibited large steady state
output oscillations. The gain was reduced to K, = 0.1 for a smoother response. The gain
K; was increased to K; = 30 to meet the maximum permissible overshoot of 20% used in
this experiment. In summary, the parameters of the controller are

a = 1000, 7 =50 ps, K, =0.1, K; =30 (48)

To perform the simulation, we assume that the input voltage E varies from £ =6 V
toE=4Vatt=0.1sand from FE=4VtoE=6Vatt=0.2s. The load resistor R
varies stepwise from R = 1000 2 to R = 500 Q at ¢ = 0.3 s and then back to R = 1000 2
at t = 0.4 s. Finally, the reference voltage V, is changed from 20 V to 30 V at ¢t = 0.6 s.

From the plot of the transient output voltage depicted in Figure 6, the output voltage
undergoes a maximum voltage deviation of 5% when the input F changes from 6 V to 4 V
and then back to 6 V with the input disturbance completely rejected in less than 20 ms.
There is a maximum output voltage deviation of 1.6% when the load resistor R varies

2
[0)
()]
2 1 .
~ 31.8
Z f \ 30
5 21 20.32
o
=] 205 (\/
(©) 20 2 i
02 021 022 06 0.625
0.4 0.425
0 L

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Time (s)

FI1GURE 6. Output voltage transient response to input, load and voltage
reference changes
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stepwise periodically between 1000 €2 and 500 €2 with the load disturbance completely
rejected in less than 25 ms. The output voltage exhibits a percent overshoot of 18% with
a settling time less than 25 ms during a reference voltage change Vs from 20 V to 30 V.

7.2. Experimental results. Using the controller (25) with the same parameters as the
simulation and given in (48), the experimental results are depicted in Figures 7 through
12. Figure 7 shows the response due to a step change of the reference voltage Vs from 20
V to 30 V. In this case, the percent overshoot is 20% and the settling time is less than 30
ms. Figure 8 depicts the robustness of the UDE-based controller to step load variations
and Figure 9 is a zoom in. In this case, the load resistor R varies stepwise periodically
between 1000 © and 500 © with V.. = 20 V. The voltage deviation is 2.5%, and the
disturbance is rejected in less than 20 ms. Shown in Figure 10 is the robustness of the
controller to an external input voltage disturbance where E undergoes a change from 6
V to 4 V and then back to 6 V with Figure 11 and Figure 12 depicting zoom ins when
the input undergoes a change from 6 V to 4 V and from 4 V to 6 V, respectively. In this
case, the maximum voltage deviation is 4%, and the disturbance is rejected in less than
25 ms. Table 1 summarizes the maximum percent overshoot and the maximum settling
time using the experimental results and the simulation results for the input and load

K 10.0rms
18-Apr-13 13:35

FIGURE 7. Output response (5 V/div, 10 ms/div) with step reference volt-
age change from 20 V to 30 V

Tek L @ Stop M Pos: —10.00ms
+

M 25.0ms
Current Folder is &,

FIGURE 8. Output response (5 V/div, 25 ms/div) with the load resistor R
varying periodically stepwise between 1000 €2 and 500 §2
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+
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18-Apr—13 13:50

FIGURE 9. Zoom in of Figure 8 (0.5 V/div, 10 ms/div)

Tek Sl @ &cq Complete M Pos: —53.00ms
+

:
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F1GURE 10. Output response with the input voltage F undergoing a change
from 6 V to 4 V then back to 6 V. Top: Output voltage (5 V/div, 25 ms/div);

Bottom: Input voltage E (2 V/div, 25 ms/div).
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T
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15—Apr-13 20:24 <10Hz

FIGURE 11. Zoom in of Figure 10 with the input voltage E undergoing a
step change from 6 V to 4 V. Top: Output voltage (1 V/div, 10 ms/div);

Bottom: Input voltage £ (2.96 V/div, 10 ms/div).
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FI1GURE 12. Zoom in of Figure 10 with the input voltage E undergoing
a change from 4 V to 6 V. Top: Output voltage (1 V/div, 10 ms/div);
Bottom: Input voltage £ (3 V/div, 10 ms/div).

TABLE 1. Maximum percent overshoots and maximum settling times for
experimental and simulation (in parenthesis) results

Type of disturbances | PO (%) | T (ms)
Input voltage disturbance | 4 (5) | 25 (20)
Load disturbance 2.5 (1.6) | 20 (25)
Reference voltage change | 20 (18) | 30 (25)

disturbances and the voltage reference change. Please note that the simulation results are
given in parenthesis.

There is a good agreement between the experimental results and the simulation results.
The small disparities are due to parasitics and other nonlinearities of the converter model
used in the simulation.

8. Conclusion. A robust UDE-based controller is designed to regulate the output volt-
age of the quadratic boost converter. The uncertainties and disturbances are lumped into
an unknown signal that is accurately approximated using a low-pass filter of sufficiently
large bandwidth and the estimate is utilized by the controller to cancel their effect and
tightly regulate the converter output voltage. The proposed controller is simple in its
design and yet exhibits good performance in the presence of disturbances. Its robustness
is validated by computer simulation and experimental results. Future work will be the
development of a simpler procedure to systematically determine the controllers parame-
ters to meet certain specifications and to perform the stability analysis of the non-linear
closed-loop system instead of the linearized one.
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