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Abstract—Four-leg voltage source inverters (VSIs) with LC
output filter are commonly utilized to stabilize three-phase
sinusoidal voltages under unbalanced loads conditions. However,
conventional model predictive voltage control (MMPVC) for four-
leg VSIs relies heavily on current sensors, leading to increased
costs and suboptimal output voltage performance. To address
these issues, this paper proposes an improved current-sensorless
modulated model predictive voltage control (MMPVC) for four-
leg VSIs to effectively reduce voltage tracking errors and total
harmonic distortion (THDv). First, a readily implementable
capacitor current extended state observer is constructed to
replace current sensors and a corresponding discrete model is
reconstructed. Then, four-vector MMPVC for four-leg VSIs is
carefully designed. Especially, the ineffective voltage vectors are
found, and their duration time is set as zero to optimize the
output voltage performance in edge regions of sectors and over-
modulation regions. Finally, experimental results validate the
proposed approach, demonstrating substantial improvements in
output voltage quality and tracking accuracy in over-modulation
regions.

Index Terms—model predictive voltage control, current-
sensorless, four-leg voltage source inverters.

I. INTRODUCTION

Three-phase four-leg voltage source inverters (VSIs) with

LC output filter stand out as one of the best solutions to

provide an ideal three-phase sinusoidal output voltage, even

under severe unbalanced loads, thanks to high DC-link voltage

utilization and flexible control of zero-sequence component
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dong Province Science Foundation (No. 2022HYYQ-022, ZR2022QF028,
ZR2024QF101), Fellowship of China National Postdoctoral Program (No.
BX20230209, 2024M751809).

[1], [2]. Therefore, it has been used in many independent

power supply systems, including the distributed generation

(DG) systems, uninterruptible power supply (UPS) systems,

energy storage (ES) systems, and stand-alone AC applications

systems [3].

Remarkably, model predictive voltage control (MPVC) is

favorable for four-leg VSIs due to the merits of simplicity,

fast dynamic response, and ability to handle multivariate

constraints [4]. To reduce costs, many implementations re-

place physical current sensors with current estimators [5]–[8].

However, conventional MPVC suffers from degraded output

voltage quality, leading to inaccuracy in current estimation

and difficulty in voltage tracking.

To overcome these issues, researchers have proposed mod-

ulated model predictive voltage control (MMPVC), which

employs multiple voltage vectors within a single cycle and in-

corporates modulation stages to improve output performance.

In MMPVC, the duration time of each voltage vector is

determined based on its cost function value [9]. Yet, MMPVC

usually combines two voltage vectors or three voltage vectors

in one sampling period [10]. While this approach generally

enhances voltage quality compared to traditional MPVC, it

typically combines only two or three voltage vectors per sam-

pling period, limiting its effectiveness for four-leg VSIs. The

additional zero-sequence component in four-leg VSIs demands

the use of four voltage vectors for optimal performance. Based

on this, in [11], four voltage vectors were selected in one cycle,

and the performance in the over-modulation region is also

optimized by removing the zero vector. The article realized

high performance output voltage both in the linear region

and in the over-modulation region, but exhibited poor tracking
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Fig. 1. Topology of four-leg VSI

performance.

To overcome these shortcomings, this paper proposed an

improved current-sensorless MMPVC for four-leg VSIs. The

key contributions are:

1) A capacitor current extended state observer is constructed

to replace current sensors, enhancing estimation accuracy.

2) An improved MMPVC strategy is proposed to reduce

voltage tracking errors and voltage total harmonic dis-

tortion (THDv), especially in edge regions of sectors and

over-modulation regions.

The remaining parts of this article are arranged as follows.

In Section II, the state variable is reconstructed as capacitor

current, and the change in output current is used as an

error for the extend state observer design. Based on this, a

simple current-sensorless mathematical model is developed.

In Section III, the four-vector MMPVC is briefly extended to

four-leg VSIs, the duration time of ineffective voltage vectors

are set to zero. In Section IV, the effectiveness of the proposed

MMPVC strategy is verified by comparative experimental

studies. Conclusions are drawn in section V.

II. SYSTEM DESCRIPTION

The topology of the four-leg VSI studied in this article is

shown in Fig. 1, where Vdc is the DC-link voltage, La, Lb

and Lc are three-phase filter inductor, iLa, iLb, iLc are three-

phase inductor currents, ica, icb, icc are three-phase capacitive

currents, ioa, iob, ioc are three-phase output currents, Ln is

the zero-sequence inductor.

With the addition of the fourth leg, the coupling between the

three phases is more severe. To better handle the coupling in-

troduced by the fourth leg, the three-phase variables are trans-

formed into the αβγ reference frame, enabling independent

control of decoupled state variables [12]. The mathematical

model in αβγ reference frame is described by equation (1).⎧⎪⎪⎨
⎪⎪⎩

diLx

dt
=

1

Lx
(vix − vcx)

dvcx
dt

=
1

Cx
(iLx − iox)

(1)

where x = α, β, γ, Lα,β = L, Lγ = 3Ln + L,

Cα,β,γ = C. As can be seen from (1), the output current needs

to be measured to observe the inductor current. If only the

capacitor voltage is used, it is impossible to directly observe

two currents at the same time. Therefore, the state variable is

firstly converted from inductive current to capacitive current,

as described in equation (2).⎧⎪⎨
⎪⎩

dicx
dt

=
diLx

dt
− diox

dt
=

1

Lx
(vix − vcx)− diox

dt
dvcx
dt

=
1

C
(iLx − iox) =

icx
C

(2)

To simplify the design of the observer, it is often assumed

that change in output current is constant (diox/dt = 0).

However, this approximation results in inaccurate current

estimation and poor immunity. Therefore, denoting diox/dt
as fx, the capacitor current extended state observer can be

designed as (3).

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

dv̂xn
dt

=
1

C
îcx + k1(vcx − v̂cx)

dîcx
dt

=
1

Lx
(vix − v̂cx)− f̂x + k2(vcx − v̂cx)

df̂x
dt

= k3(vcx − v̂cx)

(3)

where the notation “ ∧ ” represents the estimated value, while

k1, k2 and k3 are the estimator gains.

Furthermore, based on the forward Euler method, the dis-

crete model of the proposed capacitor current extended state

estimator is derived as⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩

v̂cx(k + 1) = v̂cx(k) + Ts

(
1

Cf
îcx(k) + k1ex(k)

)
îcx(k + 1) = îcx(k)

+ Ts

(
1

Lx
(vix(k)− v̂cx(k))− fx(k) + k2ex(k)

)
f̂x(k + 1) = f̂x(k) + Tsk3ex(k)

(4)

where Ts is the sampling time, ex(k) = vcx(k)− v̂cx(k).
The estimator gains k1, k2 and k3 in (4) can be selected us-

ing the direct pole assignment strategy. Besides, the proposed

capacitor current extend estimator is rewritten as follows:⎡
⎣V̂Cx(k + 1)

îcα(k + 1)

F̂ (k + 1)

⎤
⎦

︸ ︷︷ ︸
x̂(k+1)

=

⎡
⎢⎣ 1 Ts

Cf
0

− Ts

Lf
1 Ts

0 0 1

⎤
⎥⎦

︸ ︷︷ ︸
G

⎡
⎣v̂fα(k)îcα(k)

F̂ (k)

⎤
⎦

︸ ︷︷ ︸
x(k)

+

⎡
⎣ 0

Ts

Lf

0

⎤
⎦

︸ ︷︷ ︸
H

viα(k)

+

⎡
⎣k1Ts 0 0
k2Ts 0 0
k3Ts 0 0

⎤
⎦

︸ ︷︷ ︸
K

[x(k)− x̂(k)]

(5)

Accordingly, the eigenpolynomial of (5) is expressed as

det (zI−G+K) = z3 + (k1Ts − 3)z2

+ (
T 2
s

CLx
+ 3 +

T 2
s k2
C

− 2Tsk1)z

− Ts

Cf
− 1− T 2

s k2
C

+
T 3
s k3
C

+ Tsk1

(6)
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Fig. 2. Control block diagram of the proposed method.

where I is the three-dimensional unit matrix. To make the roots

of the characteristic equation both fall at −ω0, k1, k2 and k3
can be obtained by

det (zI−G+K) = (z − (1− ω0Ts))
2

(7)

By comparing the coefficients of (7), the estimator gains k1,

k2 and k3 can be obtained as⎧⎪⎪⎨
⎪⎪⎩
k1 = 3ω0

k2 = 3Cxω
2
0 −

1

Lx

k3 = Cxω
3
0

(8)

Based on deadbeat control proposed in [12], voltage refer-

ence can be obtained by

uix(ref) =
Lx

Ts
(
C

Ts
(vcx(ref)− vcx(k))− îcx(k)) + f̂x(k))

+ vcx(ref)
(9)

where icx and f are replaced by îcx and f̂ because they can not

be directly measured. where vcx(ref) is the voltage reference

and it is synthesized by proposed MMPVC to generate the

final gating pulses in this article.

III. PROPOSED IMPROVED MMPVC FOR

FOUR-LEG VSIS

The control block diagram of the proposed method is shown

in Fig. 2. Fig. 3 shows voltage vectors of four-leg VSIs in 3-D

space. To obtain the optimal voltage vectors, all basic voltage

vectors are evaluated by the cost function for voltage tracking

[11].

g(v) =

√ ∑
x=α,β,γ

(vx(ref)− vx)2 (10)

0001
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1000
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Fig. 3. Voltage vectors of four-leg VSIs in 3-D space.

Then, the optimal four voltage vectors are applied in one

cycle (recorded as u0, u1, u2 and u3), and their duration

time is usually calculated by (11) [9]. However, equation (11)

inaccurately calculates the duration time of voltage vectors,

resulting in low voltage tracking accuracy in the edge regions

of sectors and the overmodulation regions. Specifically, in

these regions, the duration time of some voltage vectors should

be close to zero, but the results calculated using equation (11)

are contrary. Therefore, in the proposed method, such voltage

vectors are recognized as ineffective voltage vectors, and their

duration time is set to zero and reallocated to the remaining

voltage vectors. ⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

t1,u0 =
Gu2Gu3Gu4

Gu
Ts

t1,u1 =
Gu1Gu3Gu4

Gu
Ts

t1,u2 =
Gu1Gu2Gu4

Gu
Ts

t1,u3 =
Gu1Gu2Gu3

Gu
Ts

(11)

where Ts is the duration time of one cycle, Gu =
Gu1Gu2Gu3 +Gu1Gu2Gu4 +Gu1Gu2Gu4 +Gu2Gu3Gu4.

The simplified execution steps of the proposed MMPVC are

shown below:

Step 1: Based on (4) and (9), the capacitor current is

estimated, and the reference voltage can be calculated.

Step 2: According to the location of the reference voltage,

four candidate voltage vectors are preselected, and their dura-

tion time is calculated by (11).

Step 3: Among all candidate voltage vectors, the duration

time of the voltage vector with the largest cost function value

is set to zero. Assuming that the duration time of u3 is set

to zero, the duration time of the remaining vector is allocated

according to (12).
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Step 4: If the remaining voltage vectors synthesize the

reference voltage vector more accurately, u3 is identified as an

ineffective voltage vector. Step 3 is repeated to further deter-

mine whether there are still ineffective voltage vectors. If not,

it indicates no ineffective vector among the candidate voltage

vectors. Then, four voltage vectors and their reallocated time

is fed into the modulator.⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

t′u0 = tu0 ∗ tu3 tu0

Ts

t′u1 = tu1 ∗ tu3 tu1

Ts

t′u2 = tu2 ∗ tu3 tu2

Ts

(12)

Compared with traditional methods, this approach can elimi-

nate ineffective voltage vectors, and improve tracking accuracy

in overmodulation regions.

IV. EXPERIMENTAL RESULTS

dSPACE

DC Source

Oscilloscope Control Desk

Resistance

Four-leg VSI

Fig. 4. Experimental setup for verification of the proposed scheme.

TABLE I
GENERAL PARAMETERS OF THE IMPLEMENTED SYSTEMS

Parameter Symbol Value

Input Voltage Vdc 240V /200V

Filter Capacitor CA, CB ,CC 60μF

Filter Inductor LA, LB , LC , LN 1.5mH

Resistive load Ra,Rb,Rc 10Ω

In order to verify the effectiveness and superiority of the

proposed MMPVC, an experimental platform of the four-leg

VSI was established, as shown in Fig. 4. The main parameters

are listed in Table I. The FS-MPVC [4], four-vector MM-

PVC and proposed MMPVC are implemented on a dSPACE

DS2004 board. The experiment comprises the following two

cases:

1) In the linear region, Fig. 5 shows the voltage waveforms

and current waveforms of three methods under the con-

dition that the peak of phase reference voltage at 120V

and DC-link voltage at 240V. The comparison results of

THDv and tracking error are recorded in Table II.

2) In the overmodulation region, Fig. 6 shows the voltage

and current waveforms of the three methods under the

(a)

(b)

(c)

Fig. 5. Voltage and current waveforms in the linear region. (a) MPVC. (b)
Four-vector MMPVC. (c) Proposed MMPVC.

condition that the peak of the phase reference voltage at

120V and the DC-link voltage at 200V. The comparison

results of THDv and tracking error are recorded in Table

III.

TABLE II
COMPARISON RESULTS OF THDV AND TRACKING ERROR

IN THE LINEAR REGION.

Method THDv Tracking error

FS-MPVC 7.46% 0.81V

Four-Vector MMPVC 2.22% 7.02V

Proposed MMPVC 2.18% 0.25V

Form the experimental results, the following conclusions

can be drawn:

1) All three methods can effectively track the three-phase

voltage reference, both in the linear region and in the

over-modulation region. Among them, MPVC and the

proposed method have better tracking performance than

the four-vector MMPVC.

2) While the four-vector MMPVC can demonstrate im-

proved output THDv in the linear region region, it works

2716



(a)

(b)

(c)

Fig. 6. Voltage and current waveforms in the overmodulation region. (a)
MPVC. (b) Four-vector MMPVC. (c) Proposed MMPVC.

TABLE III
COMPARISON RESULTS OF THDV AND TRACKING ERROR

IN THE OVER-MODULATION REGION.

Method THDv Tracking error

FS-MPVC 5.38% 3.86V

Four-Vector MMPVC 8.35% 18.89V

Proposed MMPVC 4.18% 3.68V

very poorly in the over-modulation region, which is at-

tributed to the difficulty in maintaining the output voltage.

Whereas, MPVC exhibits poor output THDv performance

both in the linear region and in the over-modulation

region, which is higher than the proposed method.

In summary, the experimental results show that although

all three methods can track the reference voltage, but the

proposed MMPVC achieves better output voltage performance

and tracking capability.

V. CONCLUSIONS

This paper proposes a novel current-sensorless MMPVC

strategy for four-leg VSIs with LC output filter. By replacing

current sensors with a capacitor current extended state observer

and optimizing the duration time of voltage vectors, the pro-

posed method significantly enhances voltage tracking accuracy

and reduces THDv. Experimental results verified its superiority

over conventional methods in both linear and over-modulation

regions, highlighting its potential for high-performance and

cost-effective power conversion.
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