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Abstract—In this work, an internal model controller (IMC) with
two-degree-of-freedom has been implemented as a voltage mode
controller for the output voltage regulation of a boost-type de—dc
converter that exhibits nonminimum phase behavior due to occur-
rence of a right-half plane (RHP) zero. The IMC structure provides
an alternate parameterization of the conventional feedback con-
troller and is comparatively simple to tune to achieve satisfactory
servo and regulatory behavior that are close to the performance
limits set by the RHP zero. An internal model controller was de-
signed using a linear model developed in the neighborhood of a
nominal operating point for the converter. To assess the efficacy of
the IMC scheme, simulation studies and experimental evaluations
were carried. In majority of the problems investigated, the IMC
was found to perform significantly better than a PID designed us-
ing the conventional approach. The responses obtained using the
experimental setup were found to match closely with the responses
obtained using the nonlinear dynamic model based closed-loop
simulations, which corroborated the conclusions reached through
the simulations. Thus, the simulation as well as experimental stud-
ies indicated that the IMC scheme is ideally suited for controlling
a boost-type dc—dc converter exhibiting the nonminimum phase
behavior.

Index Terms—Continuous conduction mode (CCM), dc—-dc
boost converter, internal model control, nonminimum phase
behavior.

I. INTRODUCTION

VER the last few decades, the switch mode power sup-
O plies (SMPSs) [1] have been used in a wide range of
industrial applications such as renewable energy processing,
personal computers, battery charging, LED lighting, etc. An
improved control of SMPS dynamics can enhance the perfor-
mance of its end application. Among the various modulation
techniques employed to control SMPS, pulse width modulation
(PWM) technique [2] is most popular and is widely used in nu-
merous applications as it results in constant switching frequency
operation and high conversion efficiency.
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Among the basic SMPS configurations available, boost-type
dc—dc converters, operating in a continuous conduction mode
(CCM), are used most extensively. However, they exhibit non-
minimum phase behavior due to the existence of a right-half
plane (RHP) zero in their linear model [3]. Due to the pres-
ence of odd number of RHP zero(s) in the transfer function,
the plant exhibits inverse response [4]-[7], i.e., in response to
a step change in the input, the initial response of the controlled
output is in the direction opposite to that of the final steady-state
change. This undesirable phenomenon becomes more critical as
the RHP zero moves closer to the origin. The occurrence of RHP
zero(s) sets an upper bound on the attainable bandwidth of the
closed-loop system [6], [7]. This is because the loop crossover
frequency needs to be well below the RHP zero frequency [2].
The RHP zero location depends on the inductor current’s aver-
age value and a positive change in the inductor current shifts the
location of RHP zero toward the lower frequencies, which leads
to a considerable phase lag in the output voltage [8]. This results
in a sluggish response, particularly in the voltage-mode control.
Thus, designing a controller that works with only the output
voltage feedback and that can operate the system close to the
performance limits set by the nonminimum phase component is
critical for boost-type dc—dc converter systems.

In the literature, there are many control techniques [9]-[13]
suggested for regulating the output voltage of a boost converter.
Most commonly used controller is PID [14], [15] and tuning
a PID to deal with the difficulties arising from the nonmin-
imum phase dynamics is not a straightforward task. Also, a
conventional PID controller is designed either to meet the reg-
ulatory specifications or tracking the performance [4]. In fact,
most of the available approaches that employ the conventional
feedback control structure have this limitation. Sable et al. [9]
have presented a technique to eliminate RHP zero by using the
leading-edge modulation of output voltage, provided the equiva-
lent series resistance (ESR) of the output capacitor is sufficiently
large and precisely known. To eliminate RHP zero, it has been
modeled as dead-time and a Smith’s predictor based control
scheme has been employed [10].

Recently, explicit model predictive control (MPC), a scheme
that uses an internal model for carrying out online predictions,
has been used for controlling the boost-type dc—dc converters
[11]-[13]. MPC is better suited for handling the difficulties
arising from the nonminimum phase behavior. However, ex-
plicit MPC is a constrained optimization based controller and its

See http://www.ieee.org/publications_standards/publications/rights/index.html for more intormation.



KOBAKU et al.: EXPERIMENTAL EVALUATION OF IMC SCHEME ON A DC-DC BOOST CONVERTER EXHIBITING NONMINIMUM

—> Pa(s)
Vep(S) d(s
P cs) Pl Fio) [E20] pis) e
+
»| Pm(s) z
F(s) |«
Internal Model Control
(@)
S
LI P
Vep(S) e(s) d(s)
g Cs) |—>| p(s) v,
(b)
Fig. 1. (a) Schematic representation of an internal model control structure and

(b) conventional feedback control structure.

design procedure requires extensive offline computations. It has
been shown that the unconstrained form of MPC has an inter-
nal model control (IMC) structure [16]—[19]. The IMC structure
offers an alternate parameterization of the feedback controller
(see Fig. 1). The IMC structure offers several advantages over
the conventional feedback structure [16]:

1) Designing an internal model controller is qualitatively
similar to designing a feed-forward controller, which is
much easier than designing the conventional feedback
controller.

2) This control structure provides an explicit handle in the
form of a robustness filter in the feedback path for dealing
with the model-plant mismatch (MPM) and unmeasured
disturbances. Tuning this filter is straightforward when
compared with the tedious procedures associated with de-
sign of the conventional feedback controller for attaining
robustness and good disturbance rejection.

3) The tuning parameters of IMC have transparent relation-
ship with closed-loop performance specifications such as
the overshoot and settling time.

Thus, it is relatively straightforward to design IMC to meet the
specifications of regulatory and tracking performances simulta-
neously. More importantly, IMC design procedure provides a
transparent approach to design a controller that can operate a
nonminimum phase system close to the performance limits set
by the nonminimum phase component. While MPC is a time
domain controller synthesis approach, an unconstrained IMC
design can be carried out in the frequency domain and it results
in closed form control laws, which are relatively easy to realize
using the available hardware.

Thus, the internal model control appears to be a particularly
promising candidate for controlling a boost-type dc—dc con-
verter. This work proposes to employ a linear IMC controller
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with two-degree-of-freedom (TDOF) [16], [20] [as shown in
Fig. 1(a)] to simultaneously accomplish good set-point track-
ing and disturbance rejection of a boost-type dc—dc converter.
While the theoretical foundations for IMC were laid down in
the early eighties [16]-[19], the need to carry out model sim-
ulations online had limited the applicability of this approach
to systems with relatively slow dynamics. With the advances
in microprocessor and microcontroller technology, it is now
possible to apply this approach to control systems with very
fast dynamics such as power electronic systems [21], [22]. The
work presented here is an extension to the work reported by
Tarakanath ef al. [23]. From the control viewpoint, the main
contribution of this work is application of IMC to a system
exhibiting very fast and nonminimum phase dynamics. Also,
unlike the conventional current-mode control that needs addi-
tional current sensor to handle the nonminimum phase behavior,
the proposed IMC-based solution is able to work with simple
voltage feedback. To the best of authors’ knowledge, the IMC
structure has been applied to a boost-type converter only in [24]
and [25]. However, these are only simulation studies that as-
sume no MPM. In practice, MPM exists due to approximations
involved in the process of modeling and local linearization, and,
due to the changing operating conditions.

It may be noted that the steady-state gain of a highly nonlin-
ear plant can be off by 20-50% from the linearized model gain
[26]. Thus, after designing a linear controller, it becomes neces-
sary to examine the robustness of the control scheme in the face
of MPM. In the present work, in addition to carrying out the
linear simulations, the behavior of the designed IMC controller
is examined in the presence of a realistic MPM, i.e., by simu-
lating the plant dynamics using a nonlinear model derived from
the first principles. It is shown that the tuning of filter param-
eters in IMC can be used to accomplish satisfactory set-point
and disturbance rejection responses simultaneously over mod-
erate MPM conditions. More importantly, efficacy of the IMC
scheme is investigated by conducting experimental evaluations
using a laboratory-scale dc—dc boost-type converter together
with a dSPACE data acquisition system and MATLAB’s real-
time control toolbox. A salient feature of this study is that IMC
tuning carried out with the help of linear and nonlinear simula-
tions is shown to work very well in the hardware experiments.

II. INTERNAL MODEL CONTROL STRUCTURE AND
DESIGN PROCEDURE

Control schemes that have internal model control structure
have been employed by many researchers in the past [27]-
[32] in different engineering application domains. A systematic
procedure for design and analysis of single-input-single-output
(SISO) and multi-input-multi-output (MIMO) internal model
control (IMC) schemes was introduced by Morari ef al. [17],
[18], [33]. This section presents a brief summary of the salient
features of the SISO IMC design procedure.

A. IMC Structure

The open-loop stable systems are considered in this work.
Fig. 1 shows the TDOF-IMC structure, which facilitates separate
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and simultaneous tuning for the servo and regulatory behavior
of an open loop stable system. In Fig. 1(a) and (b), p(s) repre-
sents the plant transfer function, p, (s) represents the external
disturbance transfer function, v(s) is the measured output, and
Usp ($) is the set-point. In Fig. 1(a), p,, (s) represents the inter-
nal model transfer function, C(s) represents the IMC controller,
F, (s) represents the set-point filter, and F),(s) represents the
disturbance filter while in Fig. 1(b), C (s) represents the feed-
back controller. A distinguishing feature of the IMC structure
with reference to the conventional control structure is the use
of an internal model in parallel with the plant. Since the model
is used in the parallel path, the difference between the model
predictions and the measured signal contains explicit informa-
tion on the MPM and unmeasured disturbances. Thus, IMC is
inherently a predictive structure control scheme [16].

A typical feedback controller design exercise involves shap-
ing the complimentary sensitivity function, which determines
the servo performance, and the sensitivity function, which de-
termines the robustness to the MPM/unmeasured disturbances.
Using the standard rules of block diagram manipulation for
closed-loop system shown in Fig. 1 leads to

o) = | p(s)C () F, (5)
14+ C (s)F (s)F, (s)[p(s) — pm (s)]

L= C(s) Fy (5) Fy (5)p(s) —
" Lw(s)ﬂ () Fy (3)[p (5) = pu (S)JW Jnl >1~)
(

Or v (S) = T(S) Usp (5) +5 (5)p71 (5) n (8) (2)

where T(s) represents the complementary sensitivity function
and S(s) represents the sensitivity function for the IMC structure.
In the absence of the MPM, i.e., when p(s) = p, (s)

S (S) =1-C (3) F, (5) FI/ (3) Pm (3) 3)
and T(s) = p(5) C () F (). @

[ (9

It may be noted that, in contrast to the nominal sensitivity
functions of the conventional feedback control scheme, the con-
troller appears linearly in the respective sensitivity functions in
the IMC strategy. Moreover, two tunable filters F,. (s) and F), (s)
are provided in the feedforward and feedback path, respectively.
It may be noted that tuning F) (s) to shape the nominal sen-
sitivity function does not alter the complementary sensitivity
function. Thus, the nominal i(s) and 7(s) can be shaped inde-
pendently in the case of the IMC structure

1
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On the other hand, in the conventional feedback structure,
choosing C(s) to shape the nominal Sy (s) alters Ty (s). As
a consequence, it is relatively easy to shape the sensitivity
and complementary sensitivity functions for the IMC structure.
This implies that the IMC structure provides a better frame-
work for tuning the controller to achieve good performance and
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robustness simultaneously [20]. Some properties that highlight
the advantages of IMC structure are as follows [17], [19].

1) Dual Stability: In the absence of MPM, the closed-loop
transfer function reduces to

[p(s) C () F} (s)] v (5)
+ [L=C(s) F, (s) 5y (s)p(s)py (s)m(s). (D)

v(s) =

Thus, if the plant is open loop stable, the nominal closed-
loop stability is ensured if the controller is chosen to have stable
poles. Through algebraic transformations, any controller in an
IMC scheme can be converted to an equivalent conventional
feedback controller G..(s) using the following relationship [16]:

C(s)F () F, (s)
1 — Pm (S)C(S) FT (S) F77 (5)

As can be seen from (8), the IMC structure offers a simple
parameterization of all stabilizing controllers G.(s), in terms of
C(s) and F}, (s) [20]. A major advantage with the IMC structure
is that the design procedure and tuning parameters of C(s) and
F, (s) are relatively easier than the design and tuning of the
conventional feedback controller Cy(s).

2) Perfect Controller: For the perfect model scenario,
p(8) = pm (s) and from (1), choosing C(s) =1/py(s) is
equivalent to achieving the perfect servo response, when no
external disturbance is applied.

3) Zero Steady-State Offset: For offset free output response,
steady-state gain of the controller must be made equal to the
inverse of the steady-state gain of the model. It is sraightforward
to see a demonstration of this property from (7).

Gc (3) = (8)

B. Design Procedure

In IMC controller design, inverse of the linear perturbation
model developed is used to shape the servo response. However, a
controller of the form C(s) = (p,, (s)) "' may not be realizable.
In particular, for a nonminimum phase system (with time delays
and/or RHP zeros), when model inverse is used in controller
design, it produces a physically unrealizable controller. There-
fore, to achieve the ideal performance through “perfect control”
is not possible in practice due to the limitations arising from
RHP zero. To avoid this problem, the model is factorized into
invertible and noninvertible components [16]. Let the model be
expressed as

P (8) = Doy (8) P, (5) ©)

where p,, (s) represents the minimum phase component con-
sisting of all poles and zeros in the left half s-plane and p;'. (s)
represents the noninvertible part that includes RHP zeros and
time delay. This decomposition is carried out in such a way
that p; (0) = 1. To make the controller realizable and provide
a handle to shape the servo response, the controller is cascaded
with a low-pass filter, F).(s) to ensure that C'(s)F, (s) becomes
proper, i.e.,

C(s)Fr (s) = (py (5) ' Fr (s). (10)
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Here, F)(s) is typically chosen as
1
(0 s+1)"

such that n equals the relative order of the minimum phase part
of the plant model and A, is the tuning parameter. With this
choice, (7) reduces to

v (s) = [py, (s) - (s)]vsp (5)
+ [L=pu (8) B () Fy ()] py ()7 (5) -

It may be noted that the nonminimum phase component of the
plant model p;’ (s) presents an inherent constraint on achiev-
able control quality and cannot be neutralized by any control
law. Equation (12) clearly demonstrates that, for no plant/model
mismatch case, the speed of set-point response can be shaped
directly through appropriately selecting F (s).

The design of controller C'(s) depends on the method used
for factorizing the model. It may be noted that the factorization
is not unique and can be carried out based on either integral
absolute error (IAE) or integral square error (ISE) performance
indices for step changes in set-point and disturbance [19].

IMC-IAE design: This method corresponds to the design of
C'(s) using the TAE criterion, i.e.,

F, (s) = (11)

(12)

T
IAE = / oy (£) — v (t)] dt (13)
0

where T is settling time. For step inputs in set-point and dis-
turbances, the factorization minimizes the IAE as

ph () =] (-Bis+1)  Re(B) > 0.

i

(14)

The complementary sensitivity function in case of IAE fac-
torization reduces to

[, -Bis+1
(- s+1)" 7

IMC-ISE design: This approach corresponds to the design of
C'(s) using the ISE criterion, i.e.,

Tiag (s) = (15)

T
ISE — /0 (v (£) — v (£)) 2t

where T is settling time. For step inputs in set-point and dis-
turbances, the factorization minimizes the ISE as

H st 1 Re () >0

Bis+1
It may be noted that the left-half plane (LHP) poles have been
added as an image of RHP zero to the closed-loop in the all pass
factorization (17). With ISE factorization of plant model, the
complementary sensitivity function is reduced to

H 575+1 1

Bis+1 (A s+1)""
In this work, both TAE and ISE designs have been considered
for factorization of the plant model.
In addition to choosing controller C'(s), the TDOF-IMC con-
troller design involves choosing filter F). (s) in the feed-forward

(16)

a7

TisE (s (18)
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Fig. 2. Power stage circuit diagram of the boost-type dc—dc converter.

path and designing the MPM/disturbance filter £}, (s) in the feed-
back path. In the absence of MPM and external disturbances,
F,(s) decides the servo behavior of the closed-loop system. If
F.(s)is chosen as given by (11), then tuning reduces to selecting
A, such that the servo response is as desired.

The filter F}, () in the feedback path is designed for attaining
effective disturbance rejection as follows [20]:

F,y (s) =

where o, = 1, A4 is a disturbance filter tuning parameter, and
m is the number of poles in disturbance transfer function P, (s).
The choice of the filter parameter A, depends on the allowable
noise amplification. The disturbance filter tuning parameter A4
can be tuned such that noise amplification criterion, i.e., max-
imum of |C(jw)F, (jw)F,(jw)/C(0)F,.(0)F,(0)Vw, is less
than a factor of 20 [20].

The values of the tuning filter parameters (1., A4) and «
appearing in (19) can be found by solving for

[1=C(s)F (8) Fy () pm (8)][(=— =0, fori=1,2...m

' (20)
where 7; is the distinct time constant associated with the ith
pole of P, (s).

19)

III. SYSTEM DESCRIPTION AND CONTROL DESIGN

In this section, the feasibility of employing IMC to control
the output voltage of a boost-type dc—dc converter is investi-
gated. The power stage circuit diagram of the boost-type dc—dc
converter is shown in Fig. 2.

The differential equations that describe the power stage circuit
of the boost-type dc—dc converter in CCM are given by

diz (t) Req (1—gq@®)RRc (1—q@)R
dt _ L (R+Rc)L (R+ Re) L
doc (t) | (1-q(t)R B 1
dt (R+ Re)C (R+Rc)C
1 (1-4q()RRc
ir (1) L (R+Rc)L v; (t)
X L}Lc (t)}+ . R L'load (t)]'
(R+ Re)C

21

The control input ¢() takes a value in the discrete set {0, 1} in-
dicates the switch positions function either ON or OFF. In many
power electronic circuits, average values of voltages and cur-
rents are important rather than their instantaneous values [34].



8884

TABLE I
SPECIFICATIONS OF THE BOOST-TYPE DC-DC CONVERTER

Description Parameter Values
Input voltage Vin (V) 10
Capacitance C (uF) 1930
Capacitor ESR R, () 0.08
Inductance L (mH) 3.1
Inductor ESR R; (Q) 0.3
Switching frequency Fs (kHz) 25
Load resistance (nominal load) R(Q) 90
Load resistance (change 50%) R/2(Q) 45
Output voltage V, (V) 15
Sensing factor I3 1/10
Duty ratio D 0.33
Averaged equivalent parasitic resistance Req (92) 0.36

In power electronic converters, the average value of switching
function ¢(#) corresponds to the duty ratio of the converter, i.e.,
in PWM implementation; duty ratio function d(¢) represents the
average control input or the control effort which is restricted
in the closed interval [0, 1]. The state-space averaged model
[35], [36] of the boost-type dc-dc converter in CCM can be ob-
tained by replacing ¢(r) with d(¢). In (21), ¢y, (), v.(t) represent
the inductor current and output capacitor voltage. The system
parameters are comprised by L and C which are input circuit
inductance and output filter capacitance respectively, while R
represents load resistance, subjected to vary. R. and R repre-
sents the parasitic of capacitor and inductor.

From the control viewpoint, the external voltage source v; (¢)
and load current 71,,q (t) represent the disturbance inputs. The
controlled variable is output voltage v, (¢). The objective of
closed-loop control system is twofold here.

1) Regulatory control problem: Maintain constant output
voltage V, in the presence of input voltage changes and
load disturbances.

2) Servo control problem: Tracking the desired set-
point voltage vy, (t) which is higher than the source
voltage V.

Defining perturbation signals, iy, (t) = iz (t) — I1, ¢ (t) =
ve (t) — Ve, 9i(t) = vi(t) — Vi, d(t) = d(t) — D, where the
uppercase letters indicate the corresponding nominal steady-
state values, and taking Laplace transform of the resulting linear
state-space model, the corresponding control-to-output transfer
function, line-to-output transfer function, and output impedance
transfer function can be obtained as follows:

B Y
Pm () = d(sy 1-D

(14 CRes) |[R*(1 — D)* — (R+ R¢) (Roq + Ls)

8 den (s)

(22)

where  den(s) = R(1 — D)[R(1 — D)+ Rc(1+ C(R+

Re)s] + (R4 Ro)(Req + Ls)(1 + C(R+ Rc) s).
Specifications of the boost-type dc—dc converter used for this

study are reported in Table I. For the values specified in Table I,
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we have

Pm (5)

22,0617 (1.544 x 10~"s + 1) (—7.8287 x 10 "5 + 1)
N 1.3345 x 107752 4+ 1.8847 x 10735 + 1 ’

(23)

Equation (23) shows the presence of RHP-zero, an LHP-zero,
and a complex-conjugate pole pair. The linear equivalent circuit
of the boost converter shown in Fig. 2 contains a single-section
of L-C low-pass filter and the corner frequency w, of this filter
is given by

(1 - D)
w, = ———— = 272.5 rad/s 24)
VvLC /
and the position of RHP zero is given as
R*(1 - D)’ R
( ) “l = 12273 krad/s.  (25)

URIP = TR RL L

Equations (24) and (25) show that both w, and wryp are the
functions of the nominal duty cycle (D).

The converter line-to-output transfer
given as

function is

0 (s) (1+CRes)(1 — D)R(R+ Re)
- = (26)
0; (s) den (s)
and the converter output impedance transfer function is
given as

0o (8)
—iload (5)
where numye.q(s) = (1 + CRes)R X
R(1 — D)*R¢ + (R + R¢)(Req + Ls)).
In particular, for the system under consideration, we have
0o (s) 1.486 (1.544 x 10 *s + 1)
0 (5)  1.3345 x 107752 4 1.8847 x 10 %5 + 1
0y (8)
—iload (5)
~0.8567 (1.544 x 10"s + 1) (8.0639 x 105 + 1)
1.3345 x 107752 +1.8847 x 10735 + 1 '

_ Dumjead (s)

den (s)

27)

[R(1 — D)Rc—

(28)

(29)

Equations (28) and (29) show that the dynamics of input
voltage and load current variations affect the of output voltage
in the same way as the control signal.

A. Design Requirements for Controllers

The controllers for the closed-loop system will be designed
with the following steady state and dynamic requirements for
the disturbance rejection and set-point change cases.

1) Steady-state specification for regulatory and servo re-
sponse: The steady-state error in output voltage must be
less than 1% of the nominal desired output voltage.

2) Transient specification for input voltage change: Ensur-
ing stability for changes in the input voltage, 10 V
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4+30% variation and the overshoot/undershoot should
not be more than £10% of the nominal output voltage
(13.5-16.5 V).

3) Transient specification for load variation: Ensuring stabil-
ity for changes in 90-45 Q (-50%) variation, i.e., twice
the change in load current.

4) Transient specification for servo response: The overshoot
for set-point change must not be more than 10% of the
perturbation in set-point.

B. Controller Design

The IMC procedure involves two designs subjected to the
ways of factorizing the plant model of (23) and the designs are
as follows.

IMC-IAE Design: The invertible part of plant model is
chosen as

22.0617 (1.544 x 10~*s + 1)

m = 30
P (%) = T X 1099 + IssaT w10 %5 11 OO
and the noninvertible part of plant model is chosen as
P (s) = (—7.8287 x 10 9s +1). (31)
The IMC-IAE controller C(s) takes the form
1.3345 x 10795% 4 1.8847 x 107* 1
C(s) = X 7+ X S+ (32

22.0617 (1.544 x 10~ s + 1)

Based on the expected set-point tracking response for the
chosen boost converter, the value of filter tuning parameter A,
in the forward path is chosen as 5.5 ms.

To achieve fast disturbance rejection, choose the disturbance
filter F, () to cancel the poles of (28), (29) takes the form as

_3.982x107°s* +8.49 x 10 %5 + 1
(a s+1)° '

In practical applications, system robustness is more crucial
than the nominal performance and as a measure of system ro-

bustness, the peak value of sensitivity function (/) has been
used and is defined as

M =525 <o IS (jw)].

Fy (s) (33)

(34)

M, measures the closeness of the Nyquist plot from the crit-
ical point (-1, 0) at all frequencies and not just at the two
frequency points as associated with gain and phase margins.
Normally, M, varies in the range of 1.2-2.0. To provide fair
comparisons, among the IMC designs, filter coefficients were
tuned such that M, turns out to have a value = 1.235, ensur-
ing both controllers has same degree of robustness. Based on
this criterion, the parameter of filter in the feedback path was
selected as A4 = 0.8 ms. A single filter in the feedback path is
sufficient, as the denominator polynomials for both the distur-
bance transfer functions are indistinguishable.

IMC-ISE Design: The invertible part of plant model is chosen
as follows:

22,0617 (1.544 x 10™"5 +1) (7.8287 x 107°s + 1)

P (8) = 1.3345 x 10 552 + 1.8847 x 10 35+ 1 (35)
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and the noninvertible part of plant model was chosen as

(—7.8287 x 1075 + 1)
(7.8287 x 1075 +1)

The IMC-ISE controller C(s) takes the form

C(s) = 1.3345 x 107°s% +1.8847 x 10 °s + 1
%) = 330617 (1544 x 1075 + 1) (7.8287 x 1005 + 1)
(37)

In this case, tuning parameters A, = 5.5 ms A; = 1.23 ms
were chosen such that IMC design with ISE factorization also
turns out have the maximum sensitivity function value = 1.235
and corresponding parameters for filter F), (s) are oco = 4.357 x
107%, o; = 6.767 x 1073,

Remark: As is evident from the IMC design procedure pre-
sented in this section, the IMC framework provides a transparent
approach to designing a controller that can operate a nonmin-
imum phase system close to the performance limits set by the
nonminimum phase zero(s). While this work considers only
boost-type converters, the IMC-based approach can be expected
to improve the control of other type of dc—dc converters, such
as fly-back-type converter [2] or z-source-type converter [37],
which also exhibit nonminimum phase behavior.

P (8) = (36)

IV. SIMULATION STUDIES

Prior to the experimental evaluation, the servo and regulatory
simulations were carried out using a nonlinear model developed
from SimPowerSystems Toolbox of MATLAB/SIMULINK us-
ing the parameters listed in Table I. A PID controller is usually
employed for regulating the output voltage of the boost con-
verter. Therefore, as a reference, a PID controller was designed
based on the small signal model of the boost converter in (23)
and using frequency response techniques [3]. The uncompen-
sated system has a phase margin of 12° at a gain cross over fre-
quency (wy) of 1.327 krad/s. The design of the PID controller
is carried out in such a way that the compensated system has
again crossover frequency of w,. = 600 rad/s and phase mar-
gin of 60°. This design achieves balance between satisfactory
servo and regulatory responses. Accordingly, the PID controller
tuning parameters are

K, =784 x107% K; = 3.34, K; = 0.245 x 10~%, and

Ty =0.8114 x 107, (38)

The following two scenarios were considered while carrying

out the simulation studies:

1) Linear simulation: Plant dynamics are simulated using a
linear transfer function model given by (23).

2) Nonlinear simulation: The dynamics of boost converter
are simulated with a nonlinear model developed in Sim-
PowerSystems Toolbox of SIMULINK using parameters
reported in Table 1. The boost-type dc—dc converter un-
der consideration is operated at a switching frequency of
25 kHz.

It may be noted that, in Figs. 3, 4, and 6, Lin and NL stand

for linear plant and nonlinear plant simulation, respectively.
The closed-loop performances of IMC and PID controllers are
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2.14.95 COMPARISON OF CONTROLLER PERFORMANCES BASED ON IAE CRITERION
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O 149
IMCIAE-NL
14.85
0 0.02 004 006 008 0.1 0.12 Problem Change  IMC-IAE (V) IMC-ISE (V) PID (V)
Time (s)

. . . . . . Regulatory: input voltage (V) 10 —7 0.0186 0.0305 0.0594
Fig. 4. Simulation studies: Comparison of regulatory behavior (a) 50% load 1013 0.0186 0.0305 0.0594
change (90 —45 SZ), and (b) llght load condition (90 —900 Sl) Regulatory: Load (2) 90 — 45 0.0019 0.0031 0.0054

90 — 900 0.0004 0.0006 0.0011
Servo: vsp, (V) 15— 19 0.0443 0.0447 0.0526
compared based on the following indices: 1) IAE, 2) settling 1513 0.0222 0.0223 0.0263

time (time need to reach £1% of the final steady state), and 3)
% overshoot/undershoot.

b) step-up change in load resistance from 90 to

A. Regulatory Behavior 900 €2, which corresponds to the controller perfor-
To begin with, the closed-loop regulatory responses are ex- mance for light load condition [see Fig. 4(b)].
amined for the following cases: )
1) Step changes in the input voltage: B. Servo Behavior
a) step-down change from 10 to 7 V [see Fig. 3(a)]; The closed-loop servo response is examined for the following
b) step-up change from 10 to 13 V [see Fig. 3(b)]. two cases:
2) Step changes in load current: 1) step-up change from 15 to 19 V [see Fig. 6(a)];
a) step-up change in load resistance from 90 to 45 €2, 2) step-up change from 15 to 13 V [see Fig. 6(b)].
which corresponds to about twice the change in the The controller performances are compared in Table II (IAE

load current [see Fig. 4(a)]; values, linear plant simulation), Table III (IAE values, nonlinear
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TABLE III
COMPARISON OF CONTROLLER PERFORMANCES BASED ON IAE CRITERION
USING NONLINEAR PLANT SIMULATION

Problem Change IMC-TAE (V) IMC-ISE (V)  PID (V)
Regulatory: input voltage (V) 10—7 0.0214 0.0359 0.0597
10— 13 0.0173 0.0284 0.0529

Regulatory: Load (£2) 90 — 45 0.0036 0.005 0.0055
90 — 900 0.0018 0.0022 0.0028

Servo: vy, (V) 15—19 0.043 0.0442 0.0658
15—13 0.0323 0.0335 0.0287

TABLE IV

COMPARISON OF CONTROLLER PERFORMANCES BASED ON SETTLING TIME
(MILLISECONDS) USING LINEAR AND NONLINEAR SIMULATIONS

Controller (Plant simulation) Regulatory response Servo response

Input voltage (V) Load (£2) vsp (V)

10—7 10—13 90—45 15—19 15—13
IMC-IAE (Linear) 32 31 8.8 21 21.5
IMC-ISE (Linear) 36 35 11.4 21 21.5
PID (Linear) 113 108.7 24 48 48.5
IMC-IAE (Nonlinear) 33 32.6 19 19 37.5
IMC-ISE (Nonlinear) 57 32.8 24 18 38
PID (Nonlinear) 107.5 102 50 46 24

TABLE V

COMPARISON OF CONTROLLER PERFORMANCES BASED ON ABSOLUTE VALUES
OF MAXIMUM % OUTPUT VOLTAGE DEVIATIONS AND % OVER/UNDERSHOOT
AND USING LINEAR AND NONLINEAR SIMULATIONS

Maximum output voltage deviation (%) % Overshoot /Undershoot

input voltage (V) Load () vsp (V)

10— 7 10— 13 90 — 45 15— 19 15—13
IMC-IAE 8.1 8.1 1.96 - -
(Linear)
IMC-ISE 12.9 12.9 2.75 - -
(Linear)
PID (Linear) 10.9 10.9 2.59 - -
IMC-TAE 7.2 7.1 1.173 1.25 13.6
(Nonlinear)
IMC-ISE 10.2 1.1 1.7 5.5 13.25
(Nonlinear)
PID (Nonlinear) 10.03 9.8 1.33 - -

plant simulation), Table IV (settling time), and Table V (abso-
lute values of maximum % output voltage deviations). From
Figs. 3, 4 and Tables II-IV, the following conclusions can be
drawn

1) IMC-IAE and IMC-ISE controllers perform better than
PID in terms of all the three performance indices in both
linear as well as and nonlinear plant simulations.

2) Between the two IMC controllers, IMC-IAE controller
outperforms the IMC-ISE controller. It is able to reject
the disturbances with significantly smaller IAE values;
smaller settling time; and smaller or comparable over-
shoots/undershoots.
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To get further insight into the regulatory behavior of two
IMC controllers, both IMC designs are tuned with the same
degree of robustness (same M) by varying the robustness filter
parameter A4. Fig. 5 compares IAE values obtained using linear
and nonlinear plant simulations for different values of M. From
this figure, it can be seen that the when both IMC designs are
tuned to have same IAE performances, the IAE factorization
has the lower M value, i.e., it is more robust.

The controller performances are compared in Tables II-V. As
can be seen from Fig. 6(a) and Table IV, the IMC controllers
exhibit an excellent behavior during the transient in terms of
settling time as seen in both in linear as well as nonlinear simula-
tions, reaching to the new commanded output voltage faster than
the PID controller. Also, Tables II and III show that all the tran-
sitions are achieved by the IMC controllers with significantly
smaller IAE values when compared to the PID controller with
only one exception. For the output voltage reference changes
from 15 to 13 V, IMC controllers outperform PID when the
plant is simulated using linear transfer function. However, when
the nonlinear plant is chosen for simulation, the PID controller
performs better than both IMC-IAE and IMC-ISE controllers.
Except for this one case, the closed-loop behavior obtained with
nonlinear plant simulations is qualitatively similar to the behav-
ior expected from the linear plant simulations. Moreover, similar
to the regulatory case, IMC-TAE controller performs better than
the IMC-ISE controller.

Thus, from the simulation studies, it can be concluded that
if the IMC filter parameters are chosen judiciously, then the
IMC controllers are able to generate better servo and regulatory
performances even in the presence of MPM.

V. EXPERIMENTAL EVALUATIONS

Analysis of the simulation results indicates that the TAE fac-
torization based IMC controller is better suited for controlling
the boost-type dc—dc converter under consideration. To validate
the conclusions reached through various cases from the simu-
lation studies and to establish feasibility of implementing IMC,
experiments were carried out on a hardware prototype of the
boost-type converter. This section presents a comparison of the
experimental evaluation with the simulation studies carried out
using nonlinear plant simulations.

A. Experimental Validation

A boost prototype converter was built for the system shown
in Fig. 2 using a MUR1560 diode and an IRF640 MOSFET as
passive, active switches. Fig. 7 shows a photograph of the system
and values of the circuit elements are listed in Table I.

In particular, the internal model controllers (IMC-IAE) de-
signed using the linear perturbation model are implemented
without any modification using a dSPACE 1103 microcontroller
for controlling output voltage of the dc/dc boost converter. The
controller implementation is depicted through a schematic di-
agram as shown in Fig. 8. The execution time for the IMC
controller was found to be 7 us when the closed-loop control
system was implemented using a dSPACE 1103 microcontroller.
dSPACE has been chosen to expedite the experimental work and
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Fig. 7. Photograph of hardware experiment setup.
R, L D | e T T T T |
v iy RC:E . TVoltz}ge | EdSPACE |
i| + ® 3 RE:V» sensing I—»- A |
- C== - circuit (| 71 ] “ p |
A v | | |
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| |
Gate | ASPACE! 1 ie |
Driver i T PWM e - [Setmointil
Control!i o 41e " PID oerpomt;
Pulses |

- Inside dSSPACE _ _ _ |

Fig. 8. Schematic diagram of control schemes implementation of a boost-type
dc—dc converter using dSPACE.

validate the concepts. However, in practice, a hardware, such as
field-programmable gate array (FPGA), is cost effective and bet-
ter suited for implementing such controllers. The authors have
separately established the feasibility of implementing the de-
signed IMC controllers using FPGA [38]. To avoid the windup
phenomenon in PID controller implementation, an antiwindup
scheme based on the back calculation method [4] has been
considered, where the tracking time constant 7; = 8.6 ms is
chosen.

B. Comparative Analysis

To facilitate comparison between simulation studies and
experimental evaluations, the servo and regulatory problems
considered in experimental evaluations are identical to the sim-
ulation studies.

The following figures compare the closed-loop behavior (i.e.,
controlled output voltage as well as the control effort or the duty
cycle) of nonlinear simulations and experimental evaluations:

1) Regulatory response: step changes in the input voltage:

a) Fig. 9: step-down change from 10to 7 V;
b) Fig. 10: step-up change from 10 to 13 V.

2) Regulatory response: step changes in load current:

a) Fig. 11: step-down change in load resistance from
90 to 45 ;

b) Fig. 12: step-up change in load resistance from 90
to 900 €2.

3) Servo response: step changes in the output voltage

a) Fig. 13: Step-up change from 15 to 19 V.

It is interesting to note that, except for step-up change in

load resistance from 90 to 900 €2 (see Fig. 12), examination
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ware experiments for input voltage changes from 10 — 7 V: (a) controlled
voltage output and (b) control efforts.
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Fig. 10. Comparison of regulatory responses of nonlinear simulation and

hardware experiments for input voltage changes from 10 — 13 V: (a) controlled
voltage output and (b) control efforts.

of Figs. 9-13 reveals that the responses obtained using the
experimental setup are very close to responses obtained using
the nonlinear simulation model. Even for step-up change in load
resistance from 90 to 900 €2, the responses obtained using exper-
imental evaluations are qualitatively similar to those obtained
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hardware experiments for 50% load change: (a) controlled voltage output and
(b) control efforts.
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Fig. 12. Comparison of regulatory responses of nonlinear simulation and
hardware experiments for light load condition (90 — 900 2): (a) controlled
voltage output and (b) control efforts.

using simulation studies. Thus, it is not surprising that values
listed in Tables VI-VIII show qualitatively similar patterns as
those observed in Tables III-V. As can be seen in Figs. 9-12,
the regulatory behavior for a sudden input voltage change and
load current changes, IMC controller with IAE factorization
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Fig. 13.  Comparison of servo responses of nonlinear simulation and hardware

experiments for step-up change (15 — 19 V): (a) controlled voltage output and
(b) control efforts.

TABLE VI
COMPARISON OF CONTROLLER PERFORMANCES BASED ON IAE CRITERION
USING EXPERIMENTAL EVALUATIONS

Problem Change  IMC-IAE (V) IMC-ISE (V)  PID (V)
Regulatory: Input voltage (V) 10—7 0.0892 0.0937 0.0955
10— 13 0.0969 0.1506 0.1451

Regulatory: Load (£2) 90 — 45 0.0182 0.0238 0.0223

90 — 900 0.1239 0.1315 0.133

Servo: vy, (V) 15—19 0.2501 0.2704 0.3883
15— 13 0.14144 0.14224 0.13904

TABLE VII

COMPARISON OF CONTROLLER PERFORMANCES BASED ON SETTLING TIME
(MILLISECONDS) USING EXPERIMENTAL EVALUATIONS

Regulatory response Servo response

input voltage (V) Load (£2) Vsp (V)
10 -7 10— 13 90 — 45 15— 19 15—13
IMC-IAE 34 51 14.6 15 51
IMC-ISE 75 52 25 15 55.1
PID 104 125 38.3 33 25.4

has extremely small recovery time among IMCIAE, IMCISE,
and PID controllers. If we examine the control efforts for the
servo problems (see Fig. 13), then it is seen that the PID con-
troller demands sudden large change in the input resulting in
the input saturation for a brief period during the initial transient.
On the other hand, IMC demands less control efforts and man-
ages the transitions without any input saturation. In particular,
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TABLE VIII
COMPARISON OF CONTROLLER PERFORMANCES BASED ON ABSOLUTE VALUES
OF MAXIMUM % OUTPUT VOLTAGE DEVIATIONS AND % OVER/UNDERSHOOT
AND USING EXPERIMENTAL EVALUATIONS

Output voltage deviation (%) Over/undershoot (%)

Input voltage (V) Load (92) vsp (V)
10 —7 10— 13 90 — 45 15— 19 15— 13
IMC-IAE 6.8 5.5 1.46 7.5 25
IMC-ISE 9.5 7.6 2 16 25
PID 9.2 7.3 2 - -

as expected from the simulation studies, the performance of
IAE-based IMC controller is significantly better than the other
two controllers. The simulation studies and experimental eval-
uation clearly indicates that IAE factorization based design has
definite advantage over the ISE factorization based design. The
experimental evaluations validate all the conclusions reached
through the simulation studies, i.e.,

1) Regulatory behavior: IMC-IAE and IMC-ISE controllers
perform better than PID in terms of all the three performance
indices. Moreover, between the two IMC controllers, IMC-IAE
controller outperforms the IMC-ISE controller.

2) Servo behavior: For step up changes, the IMC controllers
perform significantly better than the PID controller except for
the step down change.

Thus, nonlinear simulations prove to be a very vital link in
tuning and hardware realization of the IMC controllers.

VI. CONCLUSION

In this work, an internal model control (IMC) scheme with
TDOF has been implemented as a voltage mode controller for
the output voltage regulation of a boost-type dc—dc converter op-
erated in CCM, which exhibits nonminimum phase dynamics.
The IMC structure provides a better framework for tuning the
controller to achieve good servo and regulatory performances
simultaneously. More importantly, IMC design procedure pro-
vides a transparent approach to design a controller that can
operate a nonminimum phase system close to the performance
limits. An IMC controller was designed using a linear model
developed in the neighborhood of a nominal operating point
of the converter. To assess the robustness of the IMC scheme,
simulation studies were carried out for a variety of servo and reg-
ulatory control scenarios using a nonlinear model for simulating
the plant dynamics. In majority of the servo and regulatory prob-
lems investigated, the IMC was found to perform significantly
better than a PID controller designed using the conventional
approach. In particular, among the two factorization choices
considered for the IMC design, the IAE-based factorization was
found to have an upper hand over the ISE-based factorization.

To validate the simulation results, experimental evaluations
were performed on a prototype boost converter. The closed-loop
responses obtained using the experimental setup were found
to match closely with those obtained using the nonlinear dy-
namic model based closed-loop simulations. The simulation and
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experimental results clearly demonstrated the robustness of the
designed linear IMC controller to realistic MPM scenarios. The
regulatory control studies, which were carried out for suffi-
ciently large magnitude perturbations, also additionally under-
scored the robustness of the designed IMC controllers. Thus,
the simulation as well as experimental studies indicated that
the IMC design with the IAE factorization of model is ideally
suited for controlling a boost-type dc—dc converter and estab-
lished feasibility of implementing the controller in real time.
Currently, the work is in progress on realizing the controller
through an affordable hardware, such as field-programmable
gate array (FPGA), and on handling of input constraints when
large magnitude changes occur.
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