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Abstract—This paper presents a Model Predictive Control
(MPC) strategy for a Tri-state Boost converter, which is a
modification to the popular Boost converter that offers improved
transient performance for closed-loop feedback control of output
voltage. MPC is known to provide superior response compared
to linear controllers. This paper proposes a single predictive
horizon continuous control set (CCS) MPC strategy for the
Tri-state Boost converter. Qutput voltage and inductor current
are controlled to achieve superior transient performance during
reference change and load change. The paper also presents the
stability analysis of the proposed controller, which depends on
the cost function. Simulation and experimental results show the
proposed strategy settles the converter to a steady state within
ten switching cycles, demonstrating its effectiveness in improving
the speed and performance. The steady-state performance is
maintained without any limit cycle oscillations.

Index Terms—Model predictive control(MPC), Continous Con-
trol Set(CCS), Finite Control Set(FCS), Boost Converter, Tri-state
Boost Converter, Stability analysis, limit cycle oscillation

I. INTRODUCTION

Power conversion from single-phase ac to dc finds a wide
range of applications in both energy generation and consump-
tion, spanning some of the most promising areas of research,
such as transportation electrification and grid integration of
storage and renewable. To name a few examples, most of
the electrical systems connected to the grid, such as data
center server clusters, electric vehicle charging stations, and
high-power solid-state lighting systems, requires power factor
correction (PFC). Active front-end converter is widely used
as the first stage in most of the power conversion circuit
topology, to ensure power being drawn from the grid at a
power factor close to unity. The subsequent stage will be a
desired power electronics circuit topology. The voltage rating
of switching devices of the subsequent stage converter is based
on the DC bus voltage of the Active front end converter. The
Boost converter circuit topology is at the heart of the Active
front-end converter. Hence, the control of boost control will
not only help in achieving unity power factor but also helps in
regulating the DC bus voltage for input voltage fluctuation and
load disturbances which eventually avoids catastrophic failure
of subsequent stages.
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The Boost Converter is a standard example of a non-
minimum phase system. It is well established in the literature
that the bandwidth of the controller designed to control the
boost converter will be limited by the non-minimum phase
nature of the plant [5]. Tri-state boost converter, derived from
a boost topology is capable of boosting the input voltage. The
Tri-state boost converter has two degrees of freedom. More-
over, one of the control to output transfer functions is free of
RHP zero unlike boost converter. Hence, the linear controller
designed for Tri-state boost converter has superior dynamic
response than a linear controller. It is well established in the
literature that Model Predictive Control, a non-linear control
has a superior dynamic response than a linear controller [2].
MPC is becoming popular in power electronics because of its
conceptual simplicity, faster dynamic response, and inclusion
of constraints in the control law.

MPC, as the name suggests, predicts the future states of the
converter over the predictive horizon and computes the optimal
duty for the plant by minimizing the user-defined cost function.
MPC is broadly classified into two types, viz. CCS-MPC and
FCS-MPC. FCS-MPC has been explored to a greater extent
in power electronics because of its conceptual simplicity [1].
However, FCS-MPC results in variable switching frequency,
which is usually avoided in power electronics. On the other
hand, CCS-MPC results in fixed switching frequency. The
paper presents a single predictive horizon continuous control
set model predictive control strategy for an output voltage of
a Tri-state boost converter.

The digest is organized as follows, section-1 gives an
introduction to MPC and the reason for opting Tri-state boost
converter circuit topology, section-2 discusses the analysis
of the Tri-state boost Converter, section-3 gives a detailed
analysis of proposed control strategy, section-4 presents the
stability analysis of the proposed control strategy, section-
5 discusses the classical PI control design for performance
comparison with the proposed controller, section-6 presents
the experimental results and validates the theoretical claim for
the superior response of the converter, section-7 concludes the
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Fig. 1: Tri-state Boost Converter ’ KT,

Fig. 2: Switching signals with inductor
current and voltage waveforms

II. ANALYSIS OF TRISTATE BOOST CONVERTER

Tri-state Boost converter is derived from the Boost con-
verter circuit topology [4], shown in Fig.1. It differs from
boost circuit topology with the additional two-quadrant switch
across the inductor. This switch introduces a freewheeling
interval which is one of the states of the Tri-state Boost
Converter. Therefore, the Tri-state boost converter has three
states/intervals within a switching cycle viz., freewheeling
interval (D;Ty), (S1,D; are ON and §», D, are OFF), boost
interval (D,T;) (S, is ON and Sy, D;, D, are OFF), charging
interval of a capacitor (D,T) (D, is ON and S, S,,D; are
OFF), where T is a switching period. The switching signal for
both the switches, voltage across inductor and inductor current
in three different states are shown in Fig.2. The converter’s
steady state input-output relation is given in (1) [4]. Moreover,
for the gain(M) of the converter, D, has an upper limit as given
in (2). Unlike the boost converter, Tri-state boost converter has
two independent control variables since Dy + Dy, +D, = 1. The
small signal output to control transfer functions are given in
(3) and (4) [5], where R, L,C are the parameters of Tri-state
boost converter. Clearly, (4) has RHP zero while (3) does not.
The bandwidth of the converter is limited by non-minumum
phase nature of plant [5]. Hence, the charging interval of
capacitor(D,) is kept constant and output voltage control is
achieved by changing the boost interval(Dy).

V/Vy=1+Dy/D, =M (1)
D, <1/M (2)
o VyD,/LC )

d,  s2+s/RC + D%/LC

9 (sVe(l + Dy/D,))/RCD, - VyD}/LC

~ = 4
d, s>+ s/RC + D2/LC )

The converter’s discrete non-linear sampled data model is
formulated as given below. This model is developed by solving
the governing differential equations of the circuits in three
different states where,

k — start of switching cycle
k+d; — end of freewheeling state for the switching cycle

(*k+DT, (k+2)T, kT, (k+1)T, (k+2)T,

Fig. 3: Switching signals with diode cur-
rent and output voltage waveforms

k+ds+d, — end of boost state for the switching cycle
k+1 — end of the switching cycle

A. Tri-state boost converter in freewheeling state

Governing differential equations of the converter in free-
wheeling state as represented in Fig.4 are given in (5). This is
solved for the duration of d;T,. The states of the converter at
the end of this interval can be expressed as function of states
at the start of the interval as given in (6), where elements of
the matrix Ay and By can be expressed in terms of R, L and
C

I |

Fig. 4: Tri-state Boost Converter in freewheeling state

dijdar] _[o o |[i]_[o

[dv/dt - [0 —I/RC]' v| o] Ve ©)
itk+ds|_, [kl
ks d|= A7 [V[k] + BV, ©)

B. Tri-state boost converter in ON state

Governing differential equations of the converter in ON state
as represented in Fig.5 are given in (7). This is solved for the
duration of d,T,. The states of the converter at the end of this
interval can be expressed as function of states at the start of
the interval and input voltage as given in (8), where elements
of the matrix A,, and B,, can be expressed in terms of R, L

dijdl] fo o ][] [L

[dv/dt] - [0 —1/RC]' W[l o ]'Vg @
i[k+df+db] _ i[k+df]
vk +dy+dy)| = Ao vk + dp| T B Ve ®
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Fig. 5: Tri-state Boost Converter in ON state

C. Tri-state boost converter in OFF state

Governing differential equations of the converter in OFF
state as represented in Fig.6 are given in (9). This is solved
for the duration of d,T,. The states of the converter at the
end of this interval can be expressed as function of states at
the start of the interval and input voltage as given in (10),
where elements of the matrix A,;; and B, s, can be expressed
in terms of R, L and C

T1
7 T

Fig. 6: Tri-state Boost Converter in OFF state

dijdl] [ o -1 [i] L
[dv/dt]'[l/c —1/Rc]'v]+[o]~Vg ©)
ilk+ds+dp]| _ , |ilk+dy] -

vk +dp +dy]| = A ok + |+ BerrVe (10)

Using (6),(8) and (10), the discrete sampled data model of the
converter is derived as given in (11), the elements in sampled
data model are given in equations (14) to (26).

ilk+11] _[A Bl[ikl]  [E
e ol [ v

vk + 1]
The elements of sampled data model can be expressed in
compact form with the declaration of following variables,
{ = (1/2R)VL/C, w, = VLC and for underdamped case:

wy = w1 =2, for overdamped case: a = fw,—w, ¢ -1,
b="Clw, +w, - 1.

III. ProPoSED MPC STRATEGY FOR TRI-STATE BooST CONVERTER

a1

The proposed Model Predictive Control strategy consists
of two steps, viz. delay compensation and optimal input
computation. The sampled data model of the converter (11) is
used to predict the future states of the converter and to perform
delay compensation [3]. The optimal input is computed by
minimizing the cost function. The cost function (J) for MPC

strategy to control the output voltage of converter is given in
(12), where v[k + 2] is the output voltage at (k + 2)" instant.

The objective is to regulate the output voltage of the
converter. Note, the control variable d, is kept constant to
avoid the non-minimum phase nature of the plant (4). At the
beginning of the current k" switching cycle, state variables
v[k] and i[k] are sensed and are used to compute the duty cycle
dplk + 1], which will be implemented in the next switching
cycle (k + 1). MPC algorithm computes an optimal value of
dy(k + 1) that will minimize the error between the reference
output voltage V,.r and the actual voltage at the end of the
next cycle, that is v[k + 2]. Note, the duty cycle that will be
applied in the current cycle dj[k] is in fact computed in the last
switching cycle (k — 1). The computation of optimal dj[k + 1]
is a two-step process.

1) Given sensed values of v[k] and i[k] and previously
computed dj[k], estimate the values of the state variables
at the end of the current switching cycle, v¢[k + 1] and
[k + 1] using (11).

2) Given the estimated values of v¢[k+1] and i°[k+1], using
(11) and (12), v’[k + 2] can be expressed as a function
of dplk + 1].

iflk+1]
Vik+1]

ilK]
vik]
dy[K]

alk+1]

(11), (12)
(i

Vref I ref

(11)

() m—]

Fig. 7: MPC problem formulation

From steps 1 and 2, it is possible to write Vv[k + 2] =
fIk], i[k], dplk], dplk+ 1]). The optimal value of dp[k+ 1] can
be computed by solving the following optimization problem.

min J = [Vyep —v'[k+2]| = f(v[k], ilk], dplk]. dp[k + 1])] (12)

The MPC response of the Tri-state boost converter for
voltage reference change of 350 to 400V, is shown in Fig.8
and Fig.9. A closer look at Fig.8 shows that the reference
voltage(400V) is tracked within the first 6-7 cycles, but at the
cost of significant increment in inductor current which is far
away from the steady state operating point.

This inductor current eventually falls to reach the steady
state operating point through the path shown in Fig.8. This
path results in an overshoot in output voltage and prolongs
the settling time. From the above understanding, it can be
concluded that the inclusion of inductor current in the cost
function along with the output voltage of the converter will
result in better dynamic performance. Hence, the cost function
(J) for optimal duty computation in MPC is modified as,

v T, T

J = min '((afv";f +(1- a)l'”) - (a% +(1- Q)M))J
(13)
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Elements of the matrix for ¢ < 1,

A< = oLl co5(waDy Ts) = (wn | wa)sin(waDyTs))}

Elements of the matrix for ¢ > 1,

RC(be‘hD"T‘ _ ae—aD(,Tg) + e—aD(,TS _ e—hD,,TT

(14) AT = 2 (18)
o Sin(wyD, T —a
Bi<l — _e—2{quA(l—nT)% (15) 51— _e_aDnT.s — o7bDoTs —“_,.?Z)T‘ 19
; Lb—-a)
CE<l = gmt@nDoTs sin(@aD,T,) (16) o=aDoT, _ y=bD,T,
CL)dC C{>1 = (20)
D<= 2Ty (1-2 [€05(@aDoTs) = (Lwn/@q)sin(waD,T)) Cb-a
oTe T e L | be™PTs —gemaDels pyr,
a7 D! = — e & 1)
E< 1 = ¢=¢wnDoT; {cos(a)dDoT;.g — (lwp/wa)sin(wyD,Ty)} N 22)
Dy Tse Lol {cos(wyD,Ts) — ({wn/wa) sin(wyD,Ts)} + e ¢@nPoTs —Si"(”if"T")
2 (23)
j D,T
FEU = 1 = e70Lols {co5(waD, Ty) — (Lwn/wa)sin(waDyTy)) + D,,Tse—iw'vaTs.MLc“) (24)
wq
ol 1- % ¢DTs _ gbD Ty DT (b PPoTs — ggmaDoTry 4 g=aDoTs _ g=bD, T, 05)
- R R2C(b - a) L(b—a)
F§>1 o be—bDoTx _ aefaD(,T; e*aD()Tx _ e*bDr)Tx Dst(efaDoTs _ e*bD(,T_V) (26)
b-a RXC(b —a) LC(h - a)

a is the weightage factor for state variables v,i in the
cost function. Vj, I, are the voltage and current base de-
fined as V, = Vo, I, = V,/Z and Z = +/L/C. Moreover,
by optimizing the cost function, the MPC strategy corrects
the crest and the trough of output voltage(v[k + 2]) and
inductor current(i[k + 2])(Fig.3) to its corresponding reference
value(V,.r, Ir.r). Hence, for the given reference voltage(V,.r),
the reference value of inductor current(/,.;) can be computed
by solving (ip,)avs = Vo/R, fetching the result,

_ Vg _ (Vo - Vg)DoTs
‘"~ D,R 2L
The sampled data model of the converter is used to express
a(lk +2]/Vy) + (1 - a)(ilk + 2]/I,) in terms of v[k], i[k],
a, d,, dp and the parameters of the converter. For given v[k],
ilk], a, d,, the term a(v[k + 2]/V}) + (1 - @)(i[k + 2]/1,) can
be expressed as monotonically increasing function of dj. For
given d,, the practical constraints on the permissible value
of dy i.e. (0 < dp < 1—4d,) results in three possible cases.
The following variables are defined to express these cases in
a compact way.

UL - a.(V"[k + 2]/ Vp) + (1 — @).(" [k + 2]/1)

LL — a.(v"™[k +21/V}) + (1 — @).("™"[k + 21/1})

MPC algorithm computes the following optimal duty for the
possible cases given in (28)

I, 27

The sampled data model of the converter is used to solve
(31) and to express unknown d;, in terms of known values.
Vier/Vo + arep/1p) = vk + 2]/ Vp + a(ilk + 21/1,) ~ (31)
The proposed MPC strategy for the Tri-state boost converter
has two unknowns viz a and D,.The trajectory of the converter
state variables during a transient response with MPC strategy
for different values of @ is shown in Fig.10. It is observed that
with decrease in a, both peak overshoot and speed of response
get reduced. Similarly, with an increase in D, also, both peak
overshoot and speed of response get reduced. The range of «
varies from 0 to 1; however, the steady-state operation puts a
limit in the range of D, as defined in (2).

IV. STABILITY ANALYSIS

For the converter operating at the steady operating point,
given the disturbance in one or more states of the converter,
the controller should take the plant to steady operating point
thus rejecting the disturbances. To study the effect of noise
and disturbance, the small perturbation in the states of the
converter is considered and the closed form solution for the
stability of the controller is derived. Moreover, to simplify the
stability analysis, one switching cycle delay due to computa-

aV’ef +(-a) Lrey > UL — dZP’ [k+1]=0 (28) tion and duty cycle updation in next cycle [3] is neglected.

“//b IIb From the sampled data model of converter,
ref ref opt

— +(l-a)—<LL->d [k+1]=1-d, (29 : :

@y, td-og = dy e+ 1l (29) itk + 11 = Ailk] + Bv[k] + EV, (32)
Vre Ire

LL <=L + (1 -)ZL <UL - solve (31) (30)
Vi Iy vlk + 1] = Cilk] + Dv[k] + FV, (33)
2702
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For the converter operating in steady state, the following
equations holds true, where i*, v* are the steady state operating
variables.

i"[k+ 1] = Ai*[k] + Bv'[k] + EV, (34)

Vi[k + 11 = Ci'[k] + DV'[k] + FV, (35)

Consider the perturbation in instantaneous value of inductor
current and output voltage,

ilk] = i* +i[k], v[k] = v* + V[k] (36)

Given the perturbation, using (34) and (35), (32) and (33) can
be written as,

ilk + 11 = AT[K] + BV[k] + EV, 37)

Plk + 1] = CI[k] + DV[k] + FV, (38)

The proposed MPC strategy computes duty by solving the
equation given in (39). Using (37) and (38), (39) can be further
simplified as given in (40)

AVrer [Vo)+(1=a)yer [1Ip) = a(v[k+1]/Vp)+(1—a)(ilk+1]/1p)
(39)
AVrer[Vo)+(=a)yer [1p) = a(lk+11/Vp)+(1—a)(ilk+1]/1p)
(40)
Using sampled data model and the elements of the matrix,
(40) is solved to express dp in terms of ¥ and 7 as,

Fig. 9: Response for step change in volt-
age reference

01012 Voltage

Fig. 10: Response to a change in refer-
ence voltage for different «

Settling time(ms)
W

0.8
(o]
0.2 0.4 0.7

06 1_p,

0.6
ey 0.8 1 0.5

Fig. 12: Settling time during transient as a function of «
and d,

d. = _{@D/Vy)-(1-a)(B/1,))VIk]+(a(B/ Vi) +(1-a)A/1,)ilk] }
b= (VeTs/L)(aB/Vy+(1-)A/)

(41)
The following expression relates perturbation in inductor
current and output voltage,

av' [V, + (1 — @)i* /1, = a(v* + 9[kD/V, + (1 — @)(* + ilk)/1p
= a¥[k]/V, + (1 — a)(i[k]/I;) = 0
V[k]
ikl
Using (42) and (41) in (38), the following voltage ratio is
obtained,

Vk+11 _ a-pyrare [
vlk]

=-Ry(1-0a)/a (42)

_(O)Da/Vy + (1 - a)B/1y)
aC/Vb + (1 - a)A/Ib

Similarly, using (42) and (41) in (37), the following current
ratio is obtained,

7[12 +1] _ R, 1- @ -p,1,RC {_B . A)Da/V, + (1 - a)B/Ib)}
ilk] @ aC/Vy + (1 —a)A/l,

The critical ratios ¥[k + 1]/9[k], i[k + 1]/i[k] defines the
stability of the converter. These ratios signify the propagation
of the perturbation in state variables over a period of time.
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For a controller to be stable, these ratios should be less
than one which ensures the suppression of the propagation
of perturbation over a period of time. These ratios depend not
only on the parameters of the converter but also on charging
interval (d,) & weightage variable ().

V. CrassicaL CoNTROL OF TRI-STATE BoosT CONVERTER

PI with lead controller is designed to compare the perfor-
mance of the classical controller with the MPC controller. For
given d,(=0.3), the transfer function of the converter relating
the output voltage(v,) to control input(d,) is given in (3).
For the converter with parameters given in Table.l, the plant
transfer function can be given as,

S 9
L . 6.383 10 45)
d, s%+1329.787s + 19.15 = 10°
The PI with a lead controller is designed to control the output
voltage of the converter as,

1+ 5/200
*

. 1 + 5/4000
1 + s/80000
The output response of for the step change in load and step

change in voltage reference is given in Fig.14a and Fig.14b
respectively.

C(s)=3

(46)

VI. REesurrs

TABLE I: Parameters for simulation and experiment

Input Voltage (V) 100V
Filter Inductance (L) ImH
Filter Capacitor (C) 4. TuF
Filter Capacitor (Cj,) 10uF
Load Resistance (R) 160Q
Switching frequency (fy) | 20kHz
Update period (T) S50us

The simulation was carried out in MATLAB Simulink for
the specification in Table I. From a number of simulations, the
percentage overshoot and settling time as a function of o and

Input
Capacitor

Switch

Gate Driver
board

Heat sink
Fig. 13: Tri-state Boost hardware with P = 1kW, f; = 20kHz

5 250 -
200 = 200 -
10 10
150 & 150

100

current

voltage
>

current

time (200ps/div) time (200ps/div)

(a) Load change (b) Reference change

Fig. 14: Dynamic response for step change with PI controller
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> 100

voltage
o S

current

voltage

time (200us/div)

time (200pus/div)

(a) Load change (b) Reference change

Fig. 15: Dynamic response for step change with MPC

D, for voltage reference change is shown in Fig.11 and Fig.12.
The value of @ and D, for the specification given in Table I
are chosen as 0.8 and 0.3, respectively which results in best
possible response of the converter for a particular step change
from 150V to 200V. However, it is observed that for a given
plant, the values of @ and d, does not vary significantly for
ensuring superior transient response for different step change
in voltage. The simulation result for a step change in load
from 1A to 2A and step change in reference voltage from
150V to 200V with @ = 0.8 and dy =0.3 is given in Fig.15a
and Fig.15b.

It is observed to have a very fast transient response of
settling to a steady state within 5 switching cycles without
any overshoot in output voltage whereas the transient response

current
sensor

Delfino
microcontroller

test points

voltage
sensor

level
| shifted PWM
Fig. 16: Interface card

2704

Authorized licensed use limited to: J.R.D. Tata Memorial Library Indian Institute of Science Bengaluru. Downloaded on August 13,2024 at 09:58:28 UTC from IEEE Xplore. Restrictions apply.



Tek stop —
!\’()ltz\ge! 1

Naise Filter Off
T T

F————Cuwrrent . ..

D :
i i i
20 0 i

i i i i i
Jfeun s G YRR <10Hg10255 |

Fig. 17: Response for reference change from 150V to 200V

with PI takes about 20 switching cycles.

The Tri-state Boost converter hardware setup is shown
in Fig.16. The hardware is designed to handle 1kW power.
Two SiC MOSFET from ROHM (SCT3060AL) and two
SiC Schottky barrier diodes from ROHM (SCS240AE2) with
650 V voltage rating are used. These switches and diodes
are mounted on the heat sink to dissipate the heat due to
switching and conduction losses as shown in Fig.16. Film
capacitors are used as input and output capacitors that supply
the switching frequency ripple. The power hardware also has
a ceramic capacitor to supply the switching transient along
with resistance in series to damp the switching transient
oscillations. The gate driver board with the gate driver IC
ADuM4135 from Analog Devices generates the MOSFETs’
switching signals. The filter parameters of the converter are
designed considering voltage ripple to be 2.5% and inductor
current ripple to be 20%. The parameters of the converter are
tabulated in Table:I. Microcontroller from Texas instruments
TMS320F28379D (Delfino) is used to generate the switching
signals for the switches and also to sense the voltage and
current signals.

Fig.17 shows the experimental result for a step change
in reference voltage from 150V to 200V, it is observed to
have a settling time of 300us (8 switching cycles). Also,
Fig.18 shows the response for step change in load from 1A to
2A, settling in 200us (4 switching cycles) thus, manifesting
the superior transient response with MPC. The experimental
results show slight deviation from the simulation results due
to the bandwidth limitation of the voltage sensors used.

VII. CONCLUSION

In conclusion, this paper presents a practical implementation
of Model Predictive Control (MPC) for a Tri-state Boost
converter using a floating point microcontroller. The associated
complex computation involved in MPC strategy is tackled
using the hardware accelerator of C2000 microcontroller in-
cluding the Floating Point Unit(FPU) and Trigonometric Math
Unit(TMU). Simulation and experimental results validate the
effectiveness of the proposed strategy, as it achieves a steady
state within 5 switching cycles, demonstrating significant

Tek prevy

Noise Filter Off
T T T
Voltage : :

Current - * - -

i
500V

Fig. 18: Response for load change from 1A to 1.7A

TR TR
@ ks @ 71y <10Hefzse |

improvement in speed and performance. The stability analysis
of the proposed control strategy shows that it is capable
of achieving reliable and robust performance. This study
contributes to the practical implementation of MPC in power
electronics systems using microcontroller and paves the way
for further research in the field of non-linear control strategies.
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