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ABSTRACT Interleaved Nx multilevel boost converter (Nx MBC) has the advantages of low current stress,
high efficiency, and high voltage gain without extreme duty cycle. However, it is difficult to design a
controller for interleaved Nx MBC due to the high order of state-space equations. A reduced order state-
space averaged model of the interleaved Nx MBC is proposed to reduce the complexity of the model. For
the case of constant power load (CPL), an adaptive sliding mode controller based on nonlinear disturbance
observer is designed on the basis of its reduced order state-space averaged model. The nonlinear observer
is used to estimate the output power and avoid sampling error caused by interference. In order to ensure the
large signal stability of the system, an adaptive law is introduced into the sliding mode controller to suppress
the chattering phenomenon. Simulation and experimental results show that the proposed control algorithm
has good dynamic regulation characteristics when the CPL and input power supply are disturbed.

INDEX TERMS Interleaved Nx multilevel boost converter, reduced order state-space averaged model,

nonlinear disturbance observer, adaptive sliding mode control, constant power load.

I. INTRODUCTION

With the development of renewable energy, DC microgrid
has become an option of efficient and convenient energy
system [1]. The structure of the traditional DC microgrid is
shown in Fig.1. In the DC microgrid, the high gain DC-DC
boost converter is usually used as the interface between the
renewable energy power generation unit and the DC bus [2].
When the DC-DC converters on the load side are controlled
to output constant power, they can be regarded as constant
power loads. Normally, the power of the CPL remains con-
stant, and when the output voltage increases, the load current
will decrease, so this characteristic is called the negative
impedance characteristic [3]. Since the CPL having negative
impedance characteristics, it is easy to oscillate when the
load changes, which makes the output voltage of the system
fluctuate [4]. Therefore, it is particularly important to design a
good feedback control strategy to make the high gain DC-DC
boost converter operate stably with CPL.
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In the application of high voltage gain converter, magnetic
components such as transformer [5] and coupling inductor [6]
are often used to transform the voltage amplitude. However,
magnetic components use the principle of electromagnetic
induction to transform voltage, which has problems such as
low power conversion efficiency and electromagnetic inter-
ference [7]. In order to avoid the problems caused by mag-
netic components, a high gain switched capacitor network Nx
multilevel boost converter is proposed in [8]. This structure
does not require an extreme duty cycle. By increasing the
number of stages of the switched capacitor network, the
output voltage of the converter is N times larger than that
of the conventional boost converter. There are N separate
capacitors at the output of this type of topology, which has
the function of capacitor voltage self-balancing, so there is no
need to adopt a voltage balance control strategy to solve the
neutral point potential imbalance problem [9]. However, the
inductor current of this topology is relatively large. In [10],
the interleaved Nx MBC is proposed to reduce the current
stress.

To control Nx MBC, a reduced order state-space averaged
model is proposed in [11]. The transfer function model of
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FIGURE 1. DC microgrid structure.

Nx MBC is established in [12], and an improved PI con-
troller is designed based on this model. In [13], an adaptive
backstepping controller with extended nonlinear disturbance
observer (NDO) is designed for single-phase Nx MBC
with CPL.

In the control of converter with CPL, ref. [14] proposed
a method to counteract the negative impedance character-
istics of CPL by adding passive components. But adding
passive components will increase the loss of the system
and reduce the conversion efficiency. Therefore, the active
damping method is introduced to improve the stability of the
system with CPL [15], [16], [17], [18], [19]. In [15], a control
strategy of active damping adjustment is proposed, in which
supercapacitors are used to respond to load changes quickly.
In [16], a virtual negative inductor control based on droop
control is proposed, in which the virtual negative inductor
is used to enhance the system damping of DC microgrid
with CPL and increase the stability of the system. Ref. [17]
designed a geometric plane to control the converter with a
CPL to operate stably on the geometric plane. In [18], model
predictive control is applied to DC-DC converter with CPL.
In [19], a nonlinear observer is used to estimate the power of
CPL, and a predictive controller based on TS fuzzy model is
designed.

The computational complexity of geometric switch plane
control and model predictive control limits the application
of these methods. Sliding mode control has good robustness
to external disturbances and avoids complex calculation pro-
cess. Therefore, it is often used to control DC-DC converter
with CPL. In [20], a backstepping sliding mode adaptive
controller is designed by using exact feedback linearization
technique to make the boost converter work stably. According
to the characteristics of CPL, a nonlinear surface sliding mode
control method is proposed in [21]. In [22], the voltage error
integral term is used to design the sliding surface, and an inte-
gral sliding mode controller is designed. Aiming at the prob-
lem that the measured power of CPL will affect the control
effect, ref. [23] uses nonlinear observer to observe the power
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of CPL, which suppresses the measurement error caused by
sampling process. In [24], a compound nonlinear controller
based on feedforward compensation of nonlinear observer
and backstepping design algorithm is proposed. In [25], the
sliding mode control (SMC) based on nonlinear observer is
proposed for interleaved boost converter with CPL. However,
in practical applications, the interference range of the system
is uncertain. In order to meet the requirement of eliminate the
maximum interference, the switching parameter of the SMC
usually takes a larger value, which will cause chattering phe-
nomenon and reduce the robustness of the system [26], [27].

In order to suppress chattering and improve the robustness
of the system, a reduced order state-space averaged model of
interlevel Nx MBC is established in this paper, and on this
basis, an adaptive sliding mode controller (ASMC) based on
NDO is designed. The rest of the paper is arranged as follows:
in Section II, the reduced order state-space model of inter-
leaved Nx MBC is proposed. In Section III, an ASMC based
on NDO is designed to ensure the large signal stability. The
simulation and experimental results are given in Section IV
and Section V is the conclusion.

II. INTERLEAVED NXMBC REDUCED ORDER
STATE-SPACE MODEL

The topology of the interleaved Nx MBC is shown in Fig.2.
It adopts a multi-phase structure, in which the switches Q;
(G = a, b, c, ..., m) are conduct alternately according to
a phase difference of 2w /M. The number of inductances is
equal to the number of structural phases M. The switched
capacitor network is composed of multiple identical switched
capacitor units interleaved in parallel. The number of energy
storage capacitors is (MN + N — M), in which the capacitors
Cy, Ca,...,Cy connected to the load are the separation
capacitors, and the subscript N represents the multiple N of
the interleaved Nx MBC. If the full order model of interleaved
Nx MBC is used to design the controller directly, it will make
the controller design very difficult. Therefore, based on the
discussion of the working modes of interleaved Nx MBC,
this section proposes a reduced order state-space averaged
model of interleaved Nx MBC to reduce the difficulty of
controller design. Take the three-phase interleaved 2x MBC
as an example for modal analysis. Assuming that the duty
cycle d of each switch device is equal and the phase angles
of each phase are sequentially different by 27/3, and there
are 8 switching modes of the converter. Use “1”” and “0” to
represent the “on” and “off” states of MOSFETs, respec-
tively. The switch states of switches Q1, O, and Q3 can be
expressed as corresponding binary numbers: 001(mode I),
010 (mode IT), 011 (mode III), 100 (mode IV), 101 (mode V),
110 (mode VI), 111 (mode VII) and 000 (mode VIII). Fig. 3
shows the equivalent circuits. It can be seen from the figure
that when the switch Q; (j=a, b, ¢) of a certain phase is
turned on, the diode Dj> (j=a, b, ¢) in the middle of the
same phase is turned on, and the separation capacitor C
charges the capacitor Cj (j=a, b, ¢) in the same phase. When
the switch Q; (j=a, b, ¢) of a certain phase is turned off,
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FIGURE 2. Interleaved Nx MBC topology diagram.

the upper and lower diodes Dj; and Dj3 (j=a, b, ¢) of the
same phase are turned on, and the capacitor C; of the same
phase is discharged to the separation capacitor C. Because
of the structural symmetry of the three-phase interleaved 2x
MBC topology, the equivalent topology of other types of
interleaved Nx MBC can be deduced by analogy. Fig.4 shows
the main waveforms when the three-phase interleaved 2x
MBC works in a steady state under different duty cycles d.
When 0 < d < 1/3, the converter operates at the mode of I,
IL, IV and VIII. When 1/3 < d < 2/3, the converter operates
at the mode of I, IL, III, IV, V and VI. When 2/3 < d < 1, the
converter operates at the mode of III, V, VI and VII.

According to the Kirchhoff’s law, the circuit equations of
the interleaved Nx MBC can be obtained as

[ di Y
L = Vin— (1 —da) 2
dirp Vo
Lo — Vip — (1 — dp) -2
bdl in ( b)N
di. v
L= = Vin — (1 = d)
dv 1 - . .
Cd_t():—m. Z(l_dj)le_lload
I+2d) V7
j=a

ey

where v, is the output voltage, ir; is the current flowing
through the inductor ; (i=a, b, ..., m),and d; j=a,b, ...,
m) is the duty ratio of the drive signal of the j-th phase switch.
Furthermore, the current of resistance load is ijpadqr = Vo/R.
Meanwhile, the current of CPL is ijgadcpL. = PcpL/Vo.

To meet the application requirements of low ripple and
high power, all the inductors take the same inductance value,
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and the duty cycle of each switch is also the same (d; = d
forj=a,b, ..., m). Therefore, the reduced order state-space
averaged model can be obtained from (1):

di v,
Leg—2 = Vin — (1 —d) -
J dt | N )
v . .
d_to =1+d [(1 = d) iLeq — itoad]
m

where ireq = > irj is the inductor equivalent current, which

j=a
is also equal to the total input current ij,, and Leq = L/M is
the equivalent inductance.

IIl. CONTROL SYSTEM DESIGN

In order to enable the output voltage to track the reference
value when the input voltage and load are disturbed, accord-
ing to the established reduced order state-space averaged
model (2), an adaptive sliding mode controller based on a
nonlinear observer is designed. The control system block
diagram is shown in Fig.5. The proposed controller includes
coordinate transformation, NDO, ASMC and current sharing
controller. First, new state variables are obtained through
coordinate transformation, and the reduced order state-space
averaged model is transformed into Brunovsky’s canonical
form. Then the duty cycle control signal is generated by the
NDO and the ASMC. Finally, the current sharing controller is
designed to achieve the purpose of adjusting the output volt-
age and making the current sharing of each phase inductor.

A. COORDINATE TRANSFORMATION AND

DESIGN OF NDO

The interleaved Nx MBC system (2) is a nonlinear system.
Coordinate transformation is needed to transform the original
nonlinear system to Brunovsky’s canonical form to handle the
nonlinearity introduced by the CPL [28]. Therefore, define
new state variables x1 and x, as

L o2 Yo mamelks
1= Gl £y WM=MANCE )
x2=ViniLeq

where x| is the total energy of the energy storage components
of the system. Therefore

[561=X2+y1 @)

Xp=w
where w is the new control variable, and y; can be regarded
as an unmeasurable uncertain disturbance:

. VYo
yi= (=i
(NM — M + N) v,
(1+d)N?

From (4), it can be obtained that the control variable d of the
original system has the following relationship with w:

WNLeq ~ ViaN

[ = Dy — ioaa] 5

d=1+ 6)

Vo Vin Vo
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FIGURE 5. Control system block diagram.

According to (5), the reference value of the new system is

1 1
A = SLeglfeq + 5 (NM =M +N) CVER
Lo ] veer? (7)
= SLealfed + 5 (VM =M +N) C—
x5 = Vinlig

where xief is the reference value of xi, xgef is the reference

value of x», Véef is the reference value of output voltage,
Véef is the reference value of separation capacitors. IZ‘?; is
the equivalent inductor current, which can be expressed as
ref
Iref _ P TP
1S =
e Vin

®

where Ptp and Pjpyq are the input power and load power
of the system respectively. If there is no other power loss
except the load in the converter circuit, then the reference
value of the state variable can be written as

. 1 {Flg 1 ref2
o= L — ~(NM —M +N)C=>
X1 e Vi + ) ( +N) N2

o = P

®
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NDO can quickly estimate the change of state variables and
serve as a feedforward compensator to increase the accuracy
of output regulation. In the actual system, the unmeasurable
disturbance y; is related to the output power and easily affects
the system performance. In order to reduce its influence,
a NDO is designed to estimate y;. The NDO is designed as

Y1 =ki(x1 —p1)
. . 10
[P1=x2+y1 (19)

where kj is the observer coefficient, and y; is the estimated
value of y;. Assume that y; is bounded and satisfies the
following conditions:

Y1(t) € Lo, 1(t) € Lo
lim y(r) =0
1—00

(11)

From (10), the error y; between the estimated value of the
observer and the actual value can be obtained as

[)?1 =y =

AEERATEE 3 (12)
Y1 =y1 =1 =y1 —kiy

Substituting vo = V™ and dy = 1 — NV;/Vl into (5),
we can get

Pifp = =31 (13)

Substituting (13) into (9), we get

gt _ 1y (2 2+ Lo —m +3yc i
== e - —
L 727 vy, 2 N2
)Acéef — _5)]
(14

B. ASMC AND CURRENT BALANCE CONTROLLER DESIGN

For the new system after coordinate transformation, the esti-
mated value of the NDO is used as the reference value of the
ASMC, and the sliding mode surface is designed accordingly.
Then the ASMC is followed by a current sharing controller to
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achieve the purpose of current sharing of each phase. Define
the error variable as
el = X1 — )Acief
<ref (15)
e =x3— X
Define the switching function containing the observations
of the NDO as

s =ae| +e) — );c{ef (16)

where a is a constant. Find the time derivative on both sides
of (16), and substitute (4) and (14) to obtain:

§ = aley — X 4 &5°0) 4w — xef — yref (17)

Then, the control law w is designed to ensure that the
system output voltage tracks the reference value:

w=—a(ez = &) + T = §1 — krsen(s) — ks (18)

where the control parameter satisfies /Ed >0, kep > 0.

Sliding mode control is a switching control. Due to the
frequent switching of the control state, the chattering problem
caused by it is inevitable. In (18), if the switching parameter
ke is set to a fixed value, the change brought about by the sign
function will be amplified by a fixed multiple, and the system
will produce chattering. Thus, if a parameter k| that can be
automatically adjusted according to the sliding mode move-
ment is adopted, the effect of chattering can be weakened.
When the system state approaches the sliding mode surface,
ke is continuously reduced to decrease the inertia of the
motion near the sliding mode surface. When the system state
is far away from the sliding mode surface, k.| should be large
enough to maintain sufficient speed when approaching the
sliding mode surface. The adaptive parameter k. is designed
as follows

t
ke =x/ Is|dt (19)
0

Substituting (18) into (6) can obtain the control signal d
output by the ASMC.

The purpose of the M-phase interleaved Nx MBC using
multiple inductors in parallel is to evenly distribute the input
current to the multi-phase inductors, so that the inductor
current stress is reduced t0 Irjay = iLeq/M. In the process
of modeling, only the equivalent inductance current izeq is
selected as the state variable, and the current of each inductor
is not directly reflected in the model. Because the control
signal is dynamic, although izeq can reach its reference value
under the action of the controller, the current of each phase
may be unbalanced, which will affect the stable operation
of the system. Therefore, a current sharing controller is con-
nected after the ASMC to achieve the current sharing of the
M -phase inductor. The current sharing controller is designed
as

djcurrent = KPcurrent(ILjav - iLj) (20)
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where iz is the sampled value of the inductor current of
each phase (j = a, b, ..., m). Kpeyrrens 1S the proportional
coefficient. The final control signal is

dj =d+ djcurrent (21)

C. SYSTEM STABILITY ANALYSIS
The designed controller needs to ensure the stability of the
system. The following is based on the Lyapunov stability
theory and LaSalle principle to prove the asymptotic stability
of the closed-loop control system.

The Lyapunov second method only provides sufficient
conditions for stability criteria, which is lead to its con-
servatism in the estimation of the stability field. In [29],
apolynomial Lyapunov function method is proposed for large
power system to reduce its conservatism. In circuit system,
energy function is usually used as Lyapunov function [30].
Define the first Lyapunov function as

V) = 1o (22)
2
Find the time derivative of V| and substitute (17) and (18)
into (22) to get
V| = s§
= s(aky" — keisgn(s) — keas)

— ke1sgn(s) — keas)
= a1 maxs — ket Is| — keas” (23)

= 5(05’1 max

where V1 max 1S the maximum error between the observer and
the actual value.

When the adaptive law is introduced, the switching func-
tion coefficients of the sliding mode controller will change.
In order to verify that the system is still asymptotically stable,
the second Lyapunov function is selected as

1 _
Va= Vit (Kt = ke1)? (24)

where K, is the upper bound of the adaptive parameter k.1,
and the time derivative of V, can be obtained:

. . 1 _ -
Vo=V — 5 (Ke1 — ket) ket
1
= V2V (—ke2 Is| + a¥1max — Ket) < 0 (25)

Reasonably set K1 and K2, when K1 + ke |s| > ay1max,

Vz < 0 can be obtained, then the equilibrium point is

asymptotically stable. When V, = 0, then s = 0, according to

the principle of LaSalle invariance, there are t — oo, s — 0.
When s = 0, according to (16):

er = —aey + 31 (26)
where the derivation of e; is

. ~ Aref
e =ex+y1 —X

= —ae| + Y 27
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FIGURE 6. Reference voltage variation simulation result graph. (a) ASMC
based on NDO. (b) Conventional PI control.

Lete = [¢, ;1]T, then:
e =Ae + By (28)

—a 1
0 —k
variables a and k; are both positive, A is the Hurwitz matrix,
and the system (28) is asymptotically stable. When ¢ — oo,
e — 0, )71 — 0.

where A = [ i|, B = |:(1)] Since the control

IV. SIMULATION AND EXPERIMENTAL RESULTS

In order to verify the effectiveness of the proposed adaptive
sliding mode controller based on NDO, a three-phase inter-
leaved 2x MBC control system model with CPL was built
in MATLAB. The main circuit parameters are designed as
follows: the inductance value L; of each phase is 1mH, the
switched capacitor C is uniformly selected as 470uF, the
constant power load Pcpr is initially set to 75W, the input
voltage Vi, is 20V, and the reference output voltage V(fef
is 80V. The controller parameters are selected as follows:
adaptive coefficient A = 10, nonlinear disturbance observer
coefficient k; = 100, sliding mode control parameters a =
1200, k> = 3000, and the proportional coefficient Kpcyrrent
in the current balance controller of each phase is taken as 0.2.
To verify the performance of the proposed control strategy,
a three-phase interleaved 2x MBC using a PI controller was
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FIGURE 7. Simulation results of constant power load changes. (a) ASMC
based on NDO. (b) Conventional PI control.

designed for comparison. The parameters of this controller
are Kp = 0.005, K1 = 0.5, and Kpcyrrent = 0.2.

Fig.6 shows the dynamic response waveform of the system
when V(fef changes. Fig.6(a) shows the simulation results
of the proposed control strategy. When V[fef changes from
80V to 90V at 1.8s, the output voltage v, response of the
converter is smooth without overshoot. The inductor current
rises instantly when the reference voltage changes. Then the
three-phase inductor current returns to the steady state after
6ms. In this process, the three-phase current still maintains
a current-balance state. At 2.0s, VOref recovers from 90V to
80V, the inductor current recovers after a short drop, and the
output voltage response is rapid and smooth. The analysis
shows that the dynamic response performance of the system
is good when V;ef changes. However, as shown in Fig.6(b),
the output voltage response of the PI controller oscillates and
the recovery time is longer.

Fig.7(a) shows the response waveform of the system based
on the proposed control strategy when the CPL changes
suddenly. The CPL is reduced from 75W to 30W at 0.6s. Then
the CPL is increased to 100W at 0.8s. Finally, the CPL returns
to 75W at 1s. It can be seen from Fig.7 that when the CPL
changes, v, returns to the reference value after small fluctu-
ations. The inductor current changes with the CPL. After the
transient process, the current sharing state of the inductor has
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FIGURE 8. Simulation result graph of input voltage change. (a) ASMC
based on NDO. (b) Conventional Pl control.
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FIGURE 9. Experiment platform.

not been destroyed. Compared with the proposed controller,
as shown in Fig.7(b), v, response of the PI controller brings
oscillation when the CPL changes suddenly.

Fig. 8 shows the waveform of the system’s response to
changes in input voltage Vj,. Fig. 8(a) shows the simulation
results of the proposed control strategy. Vi, changes from 20V
to 25V at 1.2s. Then Vj;, is restored to 20V at 1.4s. During
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FIGURE 11. Experimental results of reference voltage value jump.
(a) ASMC based on NDO. (b) Conventional Pl control.

the rise and fall of the input voltage, the output voltages are
kept constant. However, the output voltage of the three-phase
interleaved 2x MBC under PI control oscillates for a long
time before it returns to stability.

In order to further verify the effect of the proposed
control method, a two-phase interleaved 2x MBC experi-
mental platform was designed to test the steady-state and
dynamic characteristics of the system. The experimental
platform is shown in Fig.9, which is mainly composed of
two-phase interleaved 2x MBC and driving circuit, sampling
and conditioning circuit, DC power supply, DC electronic
load, DSP2812, computer and oscilloscope. Two MOSFETSs
(CSD19536KCS) are used as switches. The driving circuit is
composed of TLP250 optocoupler chip. The voltage and cur-
rent sensors are CHV-25P and CHB-25NP with Hall effect.
The main circuit parameters are consistent with the simula-
tion. DSP2812 is used as the controller to realize the proposed
control algorithm.

Fig.10 shows the experimental waveforms of two-phase
interleaved 2x MBC under a fixed duty cycle. When the
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driving signal duty cycle is 0.5, the two MOSFETs are turned
on alternately, the inductor current achieves a 180° inter-
leaved waveform. When Pcpr, = 75W and Vi, = 20V, the
system voltage output is 80V. The sum of the two-phase
inductor current is exactly the theoretical value of the single-
phase 2x MBC inductor current, which shows that inter-
leaved Nx MBC has smaller current stress than single-phase
Nx MBC.
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Fig. 11 shows the voltage and current waveforms when the
reference voltage jumps. Under the control of ASMC base on
NDO, v, can be quickly stabilized at a new reference value,
while the adjustment time of conventional PI control is longer.

Fig. 12 shows the voltage and current waveforms when the
CPL jumps. When the CPL jumps, v, is basically stable at
the reference value under the action of both controllers. But
the inductor current ripple under PI control is slightly larger.

Fig. 13 shows the voltage and current waveforms when
the input voltage jumps. Compared with the ASMC based on
NDO, when Vj, changes, the conventional PI controller can
also make v, stable at the reference value, but the overshoot
is larger. The experimental results show that the ASMC based
on NDO has a faster response speed.

V. CONCLUSION

In this paper, the reduced order state-space averaged model
of interleaved Nx MBC is established to reduce the difficulty
of controller design, and an adaptive sliding mode controller
based on NDO is designed. The advantages of the proposed
control method are:

(1) the chattering of the sliding mode controller is effec-
tively suppressed by adding adaptive parameters to the
switching function of the sliding mode controller.

(2) by using the observed value of NDO as the disturbance
estimation of feedback control, the adaptability of the control
system to the changes of circuit parameters is improved, and
the sliding mode chattering is further reduced.

(3) the introduction of NDO reduces the requirements on
the accuracy of the sampling circuit and the calculation speed
of the controller.

Simulation and experimental results show that the pro-
posed control method makes the system have a fast response
speed and robustness. In the process of system modeling and
controller design, the parasitic parameters of components are
ignored. However, the parasitic parameters of the components
exist, and their impact on the control performance will be
considered in future research.
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