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Abstract— In this paper, a novel approach to determine 

the model of an ICNL (Independently Controlled Neutral 
Leg) is proposed. Based on this model, a cascaded control 
method is developed to provide a steady neutral point 
connection for a three-phase four-wire inverter and to 
balance the two DC capacitors voltages of a split DC-bus. 
Validation of the model is realised by simulations and the 
control has been tested by experiments. Results have 
shown good performance even with a high level of neutral 
current, which demonstrate the ability of the system to work 
within an unbalanced load or grid. 
 

Index Terms— Neutral leg control, split DC-bus, three-
phase four-wire inverter. 

I. INTRODUCTION 
HE spreading of renewables and distributed generation 

in last decades has led to increase the use of grid-connected 
inverters. Indeed, inverters must be used to interface DC 

sources [1] (e.g. photovoltaics [2, 3] and storage systems) with 
the AC grid. Moreover, inverters could also be used to interface 
AC sources (e.g., wind-turbines [4, 5] or hydro-turbines) to the 
AC grid. AC source voltage and frequency may differ from the 
grid values, and they can vary according to the working point. 
In order to connect AC sources to the grid, two stages are 
generally used: a first inverter is used as a rectifier and the 
second inverter connects the so-obtained DC bus to the AC grid. 
In addition, inverters are also used for active power filter [6, 7] 
and uninterruptible power supply applications [8, 9]. Low 
voltage grids are usually 4-wire (i.e., three-phase with neutral 
connection), therefore an appropriate management of the 
neutral line should be conceived for the inverter. Various 
topologies and strategies have been proposed for this scope. 
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Considering transformer-less structures, the simplest solution is 
to connect the neutral wire directly to the DC-link central point, 
obtaining a split DC-link topology [10-14]. Even though 
various balancing technique have been proposed [11, 14], the 
split DC-link topology is convenient when the neutral current 
does not have a DC component and the fundamental component 
is quite low, as in active filters [13]. If the neutral current is high 
and, especially, if it has a DC component, a fourth leg is needed 
to manage the neutral connection (conventional neutral leg 
topology) [15-18]. However, in this configuration, the neutral 
leg cannot be independently controlled, and therefore the 
overall system control strategy becomes rather complicated 
[19]. Another topology proposed in the literature [19, 20] is the 
independently controlled neutral leg, shown in Fig. 1. This is 
actually a combination of the two previous solutions. 

 
Fig. 1. Independently controlled neutral leg topology. 

 An analytical modelling of the independently controlled 
neutral leg (ICNL) was firstly proposed by Zhong et al. in [19], 
and an appropriate controller was defined and tuned. The main 
purpose of the neutral leg control is to minimize the DC-link 
voltage unbalance (i.e., the difference between the voltages of 
𝐶𝐶1 and 𝐶𝐶2 in Fig. 1). However, the model proposed in [19] is 
somehow simplified, since it does not consider the capacitor 
parasitic resistances (i.e., 𝑅𝑅1 and 𝑅𝑅2 in Fig. 1), which have a 
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damping effect on the voltage unbalance. More important, it 
does not take into account the effect of the neutral current on 
the DC link terminals, because the neutral current is modelled 
as a perturbation coming from the neutral line.  In this paper, a 
novel approach to determine the ICNL analytical model, which 
considers also capacitor parasitic resistances and the influence 
on the DC-link terminals of the neutral current, is carried out. 
The validity of the proposed model is verified by comparing the 
model output with the output of an accurate simulation model 
in MATLAB/Simulink PLECS environment, which simulates 
the behaviour of the overall system (i.e., neutral leg plus 
inverter). Once the transfer function between the neutral leg 
current and the fourth-leg duty cycle is determined and 
validated, a cascaded control of the capacitor’s voltage 
unbalance is designed and tuned. The influence of a feed-
forward action on the neutral current, and the compensation of 
the fourth-leg dead-time has been presented too. The controller 
performances are evaluated with both simulations and 
experimental results.  

To summarize, the novelties of this paper are the introduction 
of the State Space model of the neutral control and the 
definition of a cascaded schematic for controlling the ICNL 
topology; in addition to that, the cascaded control is furtherly 
enhanced with the introduction of a feed-forward action and of 
a dead-time compensation.  

The paper is structured as follows. The state-space ICNL 
analytical model is obtained in Section II. The PLECS model of 
the system and the validation of the obtained transfer function 
are shown in Section III. The neutral leg controller is designed 
in Section IV, simulated in Section V and experimentally 
validated in Section VI. Finally, conclusions are pointed out in 
Section VII. 

II. INDEPENDENTLY CONTROLLED NEUTRAL LEG  
STATE-SPACE MODEL 

A. Theoretical model 
The model is based on the classical state approach as 

proposed by Middlebrook and Cuk [21]. To maintain the 
development as simple as possible, the fourth leg is supposed 
to work always in continuous conduction, even though an exact 
state-space model could be obtained in discontinuous mode too 
[22]. The considered neutral leg model is shown in Fig. 2. Let 
us consider a fully symmetrical system, i.e. the value of 𝐶𝐶1 
equal to 𝐶𝐶2 (1), 𝑅𝑅1 equal to 𝑅𝑅2 (2) and that in steady-state the 
voltages on both the capacitors are equals.  

 𝐶𝐶1 = 𝐶𝐶2 = 𝐶𝐶 (1) 

 𝑅𝑅1 = 𝑅𝑅2 = 𝑅𝑅 (2) 

We assume that the neutral current will split into two 
contributions at the positive and negative poles of the DC-link. 
With the full symmetry hypothesis, and the steady-state 
equilibria of the DC-link, we suppose that the two contributions 
are identical. i.e. the splitting factor is 50%.  We will consider 
also that the current does not became zero during the switching 

period, i.e. as already said the discontinuous mode behaviour is 
not taken into account. 

 

Fig. 2. Neutral leg model. 

B. UP configuration 
The UP configuration, when the upper switch S1 is close, is 

shown in Fig. 3. The system of equations (3) can then be 
obtained. 

⎩
⎪
⎨

⎪
⎧ 𝑖𝑖𝐷𝐷𝐷𝐷 = −𝑖𝑖𝐿𝐿 − 𝑖𝑖𝑐𝑐1 + 𝑖𝑖𝑁𝑁

2
𝑖𝑖𝑁𝑁 = 𝑖𝑖𝐿𝐿 + 𝑖𝑖𝑐𝑐1 + 𝑖𝑖𝑐𝑐2

𝑈𝑈𝐷𝐷𝐷𝐷 = 𝑢𝑢𝑐𝑐2 + 𝑅𝑅𝑖𝑖𝑐𝑐2 − 𝑢𝑢𝑐𝑐1 − 𝑅𝑅𝑖𝑖𝑐𝑐1
𝑢𝑢𝐿𝐿 = 𝑢𝑢𝑐𝑐1 + 𝑅𝑅𝑖𝑖𝑐𝑐1

 (3) 

Substituting the inductor and capacitors state equations in (3) 
and resolving the system of equations for the state variables (i.e. 
𝑖𝑖𝐿𝐿, 𝑢𝑢𝑐𝑐1 and 𝑢𝑢𝑐𝑐2) one obtains equation’s system (4), together with 
the equation (5) for the DC link current 𝑖𝑖𝐷𝐷𝐷𝐷 . 

�
𝑑𝑑𝑑𝑑𝐿𝐿
𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑𝑐𝑐1
𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑𝑐𝑐2
𝑑𝑑𝑑𝑑

� =

⎣
⎢
⎢
⎢
⎡−

𝑅𝑅
2𝐿𝐿

1
2𝐿𝐿

1
2𝐿𝐿

− 1
2𝐷𝐷

− 1
2𝐷𝐷𝑅𝑅

1
2𝐷𝐷𝑅𝑅

− 1
2𝐷𝐷

1
2𝐷𝐷𝑅𝑅

− 1
2𝐷𝐷𝑅𝑅⎦

⎥
⎥
⎥
⎤
� 𝑖𝑖𝐿𝐿
𝑢𝑢𝑐𝑐1
𝑢𝑢𝑐𝑐2
� +

⎣
⎢
⎢
⎢
⎡ −

1
2𝐿𝐿

𝑅𝑅
2𝐿𝐿

− 1
2𝐷𝐷𝑅𝑅

1
2𝐷𝐷

1
2𝐷𝐷𝑅𝑅

1
2𝐷𝐷⎦
⎥
⎥
⎥
⎤
�𝑈𝑈𝐷𝐷𝐷𝐷𝑖𝑖𝑁𝑁 � (4) 

𝑖𝑖𝐷𝐷𝐷𝐷 = �− 1
2

1
2𝑅𝑅

− 1
2𝑅𝑅
� � 𝑖𝑖𝐿𝐿

𝑢𝑢𝑐𝑐1
𝑢𝑢𝑐𝑐2
� + � 1

2𝑅𝑅
0� �𝑈𝑈𝐷𝐷𝐷𝐷𝑖𝑖𝑁𝑁

� (5) 

Therefore, the system can be written in the form of equations 
(6) and the matrixes (7) and (8) can be defined. 

�
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝐴𝐴𝑢𝑢 𝑥𝑥 + 𝐵𝐵𝑢𝑢  𝑢𝑢
𝑦𝑦 = 𝐶𝐶𝑢𝑢 𝑥𝑥 + 𝐸𝐸𝑢𝑢 𝑢𝑢

 
⇒ 𝑥𝑥 = � 𝑖𝑖𝐿𝐿

𝑢𝑢𝑐𝑐1
𝑢𝑢𝑐𝑐2
� ;  𝑢𝑢 = �𝑈𝑈𝐷𝐷𝐷𝐷𝑖𝑖𝑁𝑁 � ;  𝑦𝑦 = 𝑖𝑖𝐷𝐷𝐷𝐷 (6) 

 
Fig. 3. Neutral leg circuit in configuration UP. 
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𝐴𝐴𝑢𝑢 =

⎣
⎢
⎢
⎢
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⎥
⎥
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 ;   𝐵𝐵𝑢𝑢 =

⎣
⎢
⎢
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1
2𝐿𝐿

𝑅𝑅
2𝐿𝐿

− 1
2𝐷𝐷𝑅𝑅

1
2𝐷𝐷

1
2𝐷𝐷𝑅𝑅

1
2𝐷𝐷⎦
⎥
⎥
⎥
⎤
   (7) 

𝐶𝐶𝑢𝑢 = �− 1
2

1
2𝑅𝑅

− 1
2𝑅𝑅
�  ;   𝐸𝐸𝑢𝑢 = � 1

2𝑅𝑅
0�  (8) 

C. DOWN configuration 
For the circuit in configuration DOWN, when the lower 

switch S2 is closed as shown in Fig. 4, the system of equations 
(9) can be obtained. 

⎩
⎪
⎨

⎪
⎧ 𝑖𝑖𝐷𝐷𝐷𝐷 = 𝑖𝑖𝐿𝐿 + 𝑖𝑖𝑐𝑐2 −

𝑖𝑖𝑁𝑁
2

𝑖𝑖𝑁𝑁 = 𝑖𝑖𝐿𝐿 + 𝑖𝑖𝑐𝑐1 + 𝑖𝑖𝑐𝑐2
𝑈𝑈𝐷𝐷𝐷𝐷 = 𝑢𝑢𝑐𝑐2 + 𝑅𝑅𝑖𝑖𝑐𝑐2 − 𝑢𝑢𝑐𝑐1 − 𝑅𝑅𝑖𝑖𝑐𝑐1

𝑢𝑢𝐿𝐿 = 𝑢𝑢𝑐𝑐2 + 𝑅𝑅𝑖𝑖𝑐𝑐2

 (9) 

By the same way than equations (4) and (5) above, one 
obtains equations (10) and (11) for the DOWN configuration. 

Therefore, the system can be written in the form of equations 
(12) and the matrixes (13) and (14) can be defined. 
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2𝐷𝐷𝑅𝑅
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2𝐷𝐷
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2𝐷𝐷𝑅𝑅

− 1
2𝐷𝐷𝑅𝑅⎦

⎥
⎥
⎥
⎤
� 𝑖𝑖𝐿𝐿
𝑢𝑢𝑐𝑐1
𝑢𝑢𝑐𝑐2
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⎢
⎢
⎢
⎡

1
2𝐿𝐿

𝑅𝑅
2𝐿𝐿

− 1
2𝐷𝐷𝑅𝑅

1
2𝐷𝐷

1
2𝐷𝐷𝑅𝑅

1
2𝐷𝐷⎦
⎥
⎥
⎥
⎤
�𝑈𝑈𝐷𝐷𝐷𝐷𝑖𝑖𝑁𝑁 � (10) 

𝑖𝑖𝐷𝐷𝐷𝐷 = �1
2

1
2𝑅𝑅

− 1
2𝑅𝑅
� � 𝑖𝑖𝐿𝐿

𝑢𝑢𝑐𝑐1
𝑢𝑢𝑐𝑐2
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� (11) 

�
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝐴𝐴𝑑𝑑  𝑥𝑥 + 𝐵𝐵𝑑𝑑  𝑢𝑢
𝑦𝑦 = 𝐶𝐶𝑑𝑑  𝑥𝑥 + 𝐸𝐸𝑑𝑑  𝑢𝑢

 
⇒ 𝑥𝑥 = � 𝑖𝑖𝐿𝐿

𝑢𝑢𝑐𝑐1
𝑢𝑢𝑐𝑐2
� ;  𝑢𝑢 = �𝑈𝑈𝐷𝐷𝐷𝐷𝑖𝑖𝑁𝑁 � ;  𝑦𝑦 = 𝑖𝑖𝐷𝐷𝐷𝐷 (12) 

𝐴𝐴𝑑𝑑 =
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⎢
⎢
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2𝐿𝐿
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2𝐿𝐿

− 1
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2𝐷𝐷𝑅𝑅
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2𝐷𝐷𝑅𝑅

− 1
2𝐷𝐷𝑅𝑅⎦

⎥
⎥
⎥
⎤
 ;   𝐵𝐵𝑑𝑑 =

⎣
⎢
⎢
⎢
⎡

1
2𝐿𝐿

𝑅𝑅
2𝐿𝐿

− 1
2𝐷𝐷𝑅𝑅

1
2𝐷𝐷

1
2𝐷𝐷𝑅𝑅

1
2𝐷𝐷⎦
⎥
⎥
⎥
⎤
  (13) 

𝐶𝐶𝑑𝑑 = �1
2

1
2𝑅𝑅

− 1
2𝑅𝑅
�  ;   𝐸𝐸𝑑𝑑 = � 1

2𝑅𝑅
0�  (14) 

D. Average switching model 
Exploiting the average switching model theory [21] one can 

define the matrixes in system of equations (15).  

 
Fig. 4. Neutral leg circuit in configuration DOWN. 

 �

𝐴𝐴 ≔ 𝐴𝐴𝑢𝑢𝑑𝑑 + 𝐴𝐴𝑑𝑑(1 − 𝑑𝑑)
𝐵𝐵 ≔ 𝐵𝐵𝑢𝑢𝑑𝑑 + 𝐵𝐵𝑑𝑑(1 − 𝑑𝑑)
𝐶𝐶 ≔ 𝐶𝐶𝑢𝑢𝑑𝑑 + 𝐶𝐶𝑑𝑑(1 − 𝑑𝑑)
𝐸𝐸 ≔ 𝐸𝐸𝑢𝑢𝑑𝑑 + 𝐸𝐸𝑑𝑑(1 − 𝑑𝑑)

 (15) 

Being 𝑑𝑑 the duty cycle of the fourth (neutral) leg, 𝑑𝑑 = 1 
means the leg is in UP configuration, whereas 𝑑𝑑 = 0 means the 
leg is in DOWN configuration. The system can then be written 
in the form of equations (16) and the matrixes (17) and (18) can 
be defined. 

�
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝐴𝐴 𝑥𝑥 + 𝐵𝐵 𝑢𝑢
𝑦𝑦 = 𝐶𝐶 𝑥𝑥 + 𝐸𝐸 𝑢𝑢

 
⇒ 𝑥𝑥 = � 𝑖𝑖𝐿𝐿

𝑢𝑢𝑐𝑐1
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� ;  𝑢𝑢 = �𝑈𝑈𝐷𝐷𝐷𝐷𝑖𝑖𝑁𝑁

� ;  𝑦𝑦 = 𝑖𝑖𝐷𝐷𝐷𝐷  (16) 

𝐴𝐴 =
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⎢
⎢
⎢
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𝑅𝑅
2𝐿𝐿

1
2𝐿𝐿

1
2𝐿𝐿

− 1
2𝐷𝐷

− 1
2𝐷𝐷𝑅𝑅

1
2𝐷𝐷𝑅𝑅

− 1
2𝐷𝐷

1
2𝐷𝐷𝑅𝑅

− 1
2𝐷𝐷𝑅𝑅⎦

⎥
⎥
⎥
⎤
 ;   𝐵𝐵 =

⎣
⎢
⎢
⎢
⎡
1−2𝑑𝑑
2𝐿𝐿

𝑅𝑅
2𝐿𝐿

− 1
2𝐷𝐷𝑅𝑅

1
2𝐷𝐷

1
2𝐷𝐷𝑅𝑅

1
2𝐷𝐷⎦
⎥
⎥
⎥
⎤
 (17) 

𝐶𝐶 = �1
2
− 𝑑𝑑 1

2𝑅𝑅
− 1

2𝑅𝑅
�  ;   𝐸𝐸 = � 1

2𝑅𝑅
0� (18) 

One can define three functions (𝑓𝑓1, 𝑓𝑓2 and 𝑓𝑓3) which 
correspond to the state variable time derivative. These three 
functions are defined in equations (19), (20) and (21). 

𝑓𝑓1 = 𝑑𝑑𝑖𝑖𝐿𝐿
𝑑𝑑𝑑𝑑

= − 𝑅𝑅
2𝐿𝐿

 𝑖𝑖𝐿𝐿 + 1
2𝐿𝐿

 𝑢𝑢𝑐𝑐1 + 1
2𝐿𝐿

 𝑢𝑢𝑐𝑐2 + 1−2𝑑𝑑
2𝐿𝐿

 𝑈𝑈𝐷𝐷𝐷𝐷 + 𝑅𝑅
2𝐿𝐿

 𝑖𝑖𝑁𝑁 (19) 

𝑓𝑓2 = 𝑑𝑑𝑢𝑢𝑐𝑐1
𝑑𝑑𝑑𝑑

= − 1
2𝐷𝐷

 𝑖𝑖𝐿𝐿 −
1

2𝐷𝐷𝑅𝑅
 𝑢𝑢𝑐𝑐1 + 1

2𝐷𝐷𝑅𝑅
 𝑢𝑢𝑐𝑐2 −

1
2𝐷𝐷𝑅𝑅

 𝑈𝑈𝐷𝐷𝐷𝐷 + 1
2𝐷𝐷

 𝑖𝑖𝑁𝑁  (20) 

𝑓𝑓3 = 𝑑𝑑𝑢𝑢𝑐𝑐2
𝑑𝑑𝑑𝑑

= − 1
2𝐷𝐷

 𝑖𝑖𝐿𝐿 + 1
2𝐷𝐷𝑅𝑅

 𝑢𝑢𝑐𝑐1 −
1

2𝐷𝐷𝑅𝑅
 𝑢𝑢𝑐𝑐2 + 1

2𝐷𝐷𝑅𝑅
 𝑈𝑈𝐷𝐷𝐷𝐷 + 1

2𝐷𝐷
 𝑖𝑖𝑁𝑁  (21) 

Since (16) is a non-linear system (𝑑𝑑 is an input variable), a 
linearization process is required. Considering small variations 
𝛿𝛿 of all the variables, the system (16) can be linearized as in 
equation (22) and the matrixes (23) and (24) can be defined. 

 𝑑𝑑
𝑑𝑑𝑑𝑑
�
𝛿𝛿𝑖𝑖𝐿𝐿
𝛿𝛿𝑢𝑢𝑐𝑐1
𝛿𝛿𝑢𝑢𝑐𝑐2

� = �̃�𝐴 �
𝛿𝛿𝑖𝑖𝐿𝐿
𝛿𝛿𝑢𝑢𝑐𝑐1
𝛿𝛿𝑢𝑢𝑐𝑐2

� + 𝐵𝐵� �
𝛿𝛿𝑈𝑈𝑑𝑑𝑐𝑐
𝛿𝛿𝑖𝑖𝑛𝑛
𝛿𝛿𝑑𝑑

�  (22) 

 �̃�𝐴 =  

⎣
⎢
⎢
⎢
⎡
𝑑𝑑
𝑑𝑑𝑖𝑖𝐿𝐿

𝑓𝑓1
𝑑𝑑

𝑑𝑑𝑢𝑢𝑐𝑐1
𝑓𝑓1

𝑑𝑑
𝑑𝑑𝑢𝑢𝑐𝑐2

𝑓𝑓1
𝑑𝑑
𝑑𝑑𝑖𝑖𝐿𝐿

𝑓𝑓2
𝑑𝑑

𝑑𝑑𝑢𝑢𝑐𝑐1
𝑓𝑓2

𝑑𝑑
𝑑𝑑𝑢𝑢𝑐𝑐2

𝑓𝑓2
𝑑𝑑
𝑑𝑑𝑖𝑖𝐿𝐿

𝑓𝑓3
𝑑𝑑

𝑑𝑑𝑢𝑢𝑐𝑐1
𝑓𝑓3

𝑑𝑑
𝑑𝑑𝑢𝑢𝑐𝑐2

𝑓𝑓3⎦
⎥
⎥
⎥
⎤

 (23) 

 𝐵𝐵� =  

⎣
⎢
⎢
⎢
⎡

𝑑𝑑
𝑑𝑑𝑈𝑈𝑑𝑑𝑐𝑐

𝑓𝑓1
𝑑𝑑
𝑑𝑑𝑖𝑖𝑛𝑛

𝑓𝑓1
𝑑𝑑
𝑑𝑑𝑑𝑑
𝑓𝑓1

𝑑𝑑
𝑑𝑑𝑈𝑈𝑑𝑑𝑐𝑐

𝑓𝑓2
𝑑𝑑
𝑑𝑑𝑖𝑖𝑛𝑛

𝑓𝑓2
𝑑𝑑
𝑑𝑑𝑑𝑑
𝑓𝑓2

𝑑𝑑
𝑑𝑑𝑈𝑈𝑑𝑑𝑐𝑐

𝑓𝑓3
𝑑𝑑
𝑑𝑑𝑖𝑖𝑛𝑛

𝑓𝑓3
𝑑𝑑
𝑑𝑑𝑑𝑑
𝑓𝑓3⎦
⎥
⎥
⎥
⎤

  (24) 

Within the linearization process, nine different transfer 
functions can be evaluated. In order to define the system model, 
the transfer functions that correlate 𝑖𝑖𝐿𝐿 to 𝑑𝑑 (25) and to 𝑖𝑖𝑁𝑁  (26) 
must be evaluated. 
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𝛿𝛿𝑖𝑖𝐿𝐿
𝛿𝛿𝑑𝑑

= �(𝑠𝑠𝑠𝑠 − �̃�𝐴)−1𝐵𝐵��
1,3

= − 2𝐷𝐷𝑈𝑈𝑑𝑑𝑐𝑐𝑠𝑠
2𝐿𝐿𝐷𝐷𝑠𝑠2+𝐷𝐷𝑅𝑅𝑠𝑠+1

 (25) 

𝛿𝛿𝑖𝑖𝐿𝐿
𝛿𝛿𝑖𝑖𝑁𝑁

= �(𝑠𝑠𝑠𝑠 − �̃�𝐴)−1𝐵𝐵��
1,2

= − 𝐷𝐷𝑅𝑅𝑠𝑠+1
2𝐿𝐿𝐷𝐷𝑠𝑠2+𝐷𝐷𝑅𝑅𝑠𝑠+1

 (26) 

By defining the DC-link voltage unbalance 𝜀𝜀 as in equation 
(27) and the DC link incoming current 𝑖𝑖𝐷𝐷  as in equation (28), it 
is possible to obtain the transfer function correlating 𝜀𝜀 to 𝑖𝑖𝐷𝐷 , 
which is shown in equation (29). 

 𝜀𝜀 = 𝑈𝑈𝑐𝑐1 + 𝑅𝑅𝑖𝑖𝑐𝑐1 + 𝑈𝑈𝑐𝑐2 + 𝑅𝑅𝑖𝑖𝑐𝑐2 (27) 

 𝑖𝑖𝑐𝑐 = 𝑖𝑖𝑐𝑐1 + 𝑖𝑖𝑐𝑐2 (28) 

 𝛿𝛿𝛿𝛿
𝛿𝛿𝑖𝑖𝑐𝑐

= 𝐷𝐷𝑅𝑅𝑠𝑠+1
𝐷𝐷𝑠𝑠

 (29) 

With equations (25), (26), (29) and by applying Kirchhoff’s 
laws it is possible to represent the small variations block 
diagram of the system, as shown in Fig. 5. 

 
Fig. 5. Neutral leg transfer function of the system before (a) and after (b) 

being simplified. 

III. MODEL VALIDATION 
In order to validate the theoretical model and the obtained 

transfer functions, the three following models have been 
implemented in PLECS environment:  

• the complete circuit with inverter (Fig. 1), 

• the theoretical non-linear model (Fig. 2), 

• the linearized small variation block diagram model (Fig. 
5b). 

The complete circuit with inverter means the actual 
simulation of the full system in the time domain.  

The simulations parameters are reported in Table I. 

TABLE I.  SIMULATIONS PARAMETERS 

Parameter Value Parameter Value 

R 750 µΩ Udc 800 V 

L 1.5 mH Uac 400 V /50 Hz 

C 100 µF Switching 
frequency 15 kHz 

All the three simulated systems are subjected to the same 
variations of the input variables. More precisely, the 
simulations have been performed considering small variations 
of the duty cycle and of the neutral current, as reported in Table 
II. 

TABLE II.  VARIATIONS DURING THE SIMULATION 

Time Duty cycle Neutral current 

0-30 ms 0.5 0 A 

30-60 ms 0.5 2 A 

60-100 ms 0.505 2 A 

The validation is carried out by comparing the voltage 
unbalance (i.e., the difference between the actual capacitor 
voltages  𝑢𝑢1 and 𝑢𝑢2) of the three different systems. In Fig. 6 the 
response obtained with the complete model is shown (upper 
graphics), together with the difference between the theoretical 
non-linear model and the complete model (middle graphics) 
and eventually the difference between the small variation 
linearized block diagram model and the complete model (lower 
graphics). One can note that the differences in the last two 
behaviours are negligible compared to the complete model 
voltage unbalance and, therefore, the validation of the model is 
achieved. This allows the model to be confidently used for the 
control synthesis, as it will be shown in the next sections. 

 
Fig. 6. Comparison of the voltage unbalance behaviour for the three different 
simulated systems. Upper graphics : Complete model behaviour. Middle 
graphics: Difference between the theoretical non-linear model and the complete 
model. Lower graphics: difference between the small variation linearized block 
diagram model and the complete model. 

IV. NEUTRAL LEG CONTROL 

A. Basic control 
The neutral leg model proposed in Fig. 5b is used in this 

paper to design the control for the DC-link unbalance.  
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Fig. 7. Neutral leg control. 

The proposed control has an inner current loop and an outer 
voltage loop, as shown in Fig. 7. 

 

B. Inner current loop design 
The current loop aims at minimizing the current incoming 

into the neutral connection of the two capacitors, despite the 
neutral current perturbation. Due to the integral behaviour of 
the system, a proportional gain is enough for this inner loop 
control. Using the Bode diagram of the system and taking into 
account the harmonics up to 30, the cut-off frequency (fc1) value 
might be selected at 1.5 kHz. This is 10 time lower than the 
switching frequency, which is 15 kHz. The gain 𝐾𝐾𝑝𝑝𝑖𝑖 is defined 
in order to have -3 dB at the cut-off frequency, as shown in Fig. 
8.  

Another design issue is avoiding the LC resonance, shown in 
equation (30), be too close to the cut-off frequency. Equation 
(30) can be obtained from the block diagram in Fig. 5b, 
imposing 2LCs2+CRs+1=0 and neglecting the capacitor 
parasitic resistances. Indeed, the resistances have a damping 
effect but they have a low influence on the resonance frequency. 

  𝑓𝑓𝑟𝑟𝑟𝑟𝑠𝑠 = 1
2∙𝜋𝜋∙√2∙𝐿𝐿∙𝐷𝐷

 (30)   

This condition will help to careful choosing the value of the 
neutral inductance. The effect of the inner loop control on the 
neutral current perturbation is to reduce its impact at low 
frequency, as shown in Fig. 9. 

 

 

 
Fig. 8. Bode diagram of the inner loop system and its control  

(meaning of the variables in the legend). 

 
Fig. 9. Bode diagram of the inner loop related to the perturbation (meaning 

of the variables in the legend). 

C. Outer voltage loop design 
The voltage loop aims at keeping the DC-bus capacitor’s 

voltage balanced. To guarantee a steady null value of the neutral 
point voltage, a proportional control again would be enough. 
However, by adding an integral part to the control, the reduction 
of the perturbation is more effective at low frequency. Using 
the Bode diagram of the outer loop system and choosing a phase 
margin of 60°, the gain 𝐾𝐾𝑝𝑝𝑢𝑢 can be defined as shown in Fig. 10. 
The integral gain can be obtained with the equation (31), where 
fc2 is the cut-off frequency of the outer loop, selected at 1.2 kHz. 

 𝐾𝐾𝑖𝑖𝑢𝑢 = 𝐾𝐾𝑝𝑝𝑢𝑢
2𝜋𝜋𝑓𝑓𝑐𝑐2
10

 (31)   

The outer loop has a damping effect on the neutral current at 
high frequency as shown in Fig. 11. Moreover, as discussed 
above, a PI control is more effective to reduce the impact of the 
perturbation at low frequency. 

 

D. Enhanced control 
There are further approaches to improve the quality of the 

neutral leg control. Firstly, a feed-forward of the neutral current 
has been added, as shown in Fig. 12. This make the control 
more responsive to the impact of the neutral current on the 
voltage unbalancing.  

 
Fig. 10. Bode diagram of the outer loop system and its control  

(meaning of the variables in the legend). 
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Fig. 11. Bode diagram of the outer loop related to the perturbation (meaning 

of the variables in the legend). 

Secondly, a simple compensation of the fourth leg dead-time 
has been added.  The required amount of voltage compensation 
ΔV can be evaluated as  

 𝛥𝛥𝛥𝛥 = 𝑈𝑈𝑑𝑑𝑐𝑐
2

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑇𝑇𝑠𝑠𝑠𝑠

𝑠𝑠𝑖𝑖𝑠𝑠𝑠𝑠(𝑖𝑖𝑛𝑛) (31)   

where tdead is the dead time, Udc is the dc-link voltage, and Tsw 
is the inverter leg switching period [23]. Actually, this 
compensation should be based on a measurement of the 
inductor current. However, aim of the control is to make the 
neutral current approximatively equal to the inductor current. 
So, in order to reduce the number of measurements, it has been 
decided to use the neutral current instead of the inductor 
current. More sophisticated dead-time compensation strategies 
could have been implemented, but this is out of the main 
purposes of this paper. 

 
Fig. 12. Enhanced current control (p.u.). 

V. SIMULATIONS 
The control has been implemented in PLECS environment 

with the complete system (section III). Control parameters, as 
designed in section IV, are summarized in Table III. 
The most usual neutral current perturbations are due to an 
unbalanced load/grid and to the harmonics generated by the 
modulation. For these reasons, the simulations have been done 
with a sinusoidal neutral current at the fundamental frequency 
and its three most important harmonics.  

TABLE III.  CONTROL PARAMETERS 

Parameter Value Parameter Value 
Kpu 00.5 A/V Kiu 378 A/V 

Kpi 0.017 A-1 Tdead 3 µs 

 
Fig. 13. Simulation results with a sinusoidal neutral current at different 

frequencies (fundamental, 3rd, 5th and 7th harmonics). The meaning of each 
graphic is described in the figure. 

 

 

Fig. 14. Simulation results with a sinusoidal neutral current at 350 Hz and 
with different parameter uncertainties and unbalances. The meaning of each 

graphic is described in the figure. 
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The simulation results are shown in as shown in Fig. 13. As 

it can be seen, the enhanced control has considerably improved 
the basic one results. 

Simulation results in Fig. 13 were obtained considering 
R=R1=R2, C=C1=C2 and without uncertainty on the L value. In 
order to prove the robustness of the proposed control, additional 
simulations were carried out, by considering the following three 
cases: 

- R2 is five time R1. This ratio has been chosen because 
capacitor parasitic resistances can vary significantly 
and they are not well known, 

- L is 130% of the rated value (used in the controller 
synthesis),  

- C2 is about 30% higher than C1. 
 
As it can be noticed from Fig. 13, the case with 350 Hz neutral 
current is characterized by the highest oscillations amplitude, 
and then parameter uncertainty effects were evaluated for this 
frequency.  

Simulation results are reported in Fig. 14. The robustness of 
the proposed controls is proven by the voltage unbalance being 
almost the same in all conditions.  
 

VI. EXPERIMENTAL RESULTS 
Experimental tests have been performed in order to validate 

the control concepts proposed in section IV. The neutral current 
has been generated by a single-phase half-bridge current 
controlled converter instead of a three-phase inverter, as shown 
in Fig. 15.  

 

Fig. 15. Experimental circuit schematics. 

 

Fig. 16.  Experimental setup:  Three-phase inverter, modified according to the 
schematic shown in Fig. 15; Two inductances only have been actually used. 

 

TABLE IV.  EXPERIMENTAL VALUES AND PARAMETERS 

Parameter Value Parameter Value 
L1 = L2 1.5 mH Udc 800 V 
C1 = C2 100 µF fsw 15 kHz 

Kpu 0.5 A/V Kiu 378 A/V 
Kpi 0.017 AA-1 Tdead 3 µs 

The experimental setup is shown in Fig. 16. A previous existing 
three-phase inverter was modified in order to realize the circuit 
of  Fig. 15. The experimental setup requires only two of the 
three inductors shown in Fig. 16. Experimental values and 
parameters are summarized in Table IV. The voltage values on 
C1 and C2 were measured with differential probes, the measures 
were exported from the oscilloscope and plotted using 
MATLAB; in this way it was possible to overlap results of 
different tests as plotted in Fig. 17. 

The control has been tested up to the seventh neutral current 
harmonics, with an amplitude of 25 A for each harmonics. As 
shown in Fig. 17, the proposed control has shown a good ability 
to stabilise the neutral point, even with important values of the 
neutral current. The experimental values of the neutral voltage 
are analogous to the simulations’ results. 

 
Fig. 17. Experimental results with a sinusoidal neutral current at different 

frequencies. 

In order to quantify the effect of both the neutral voltage 
unbalance strategies, the RMS values of the voltage unbalance 
have been calculated and compared in Table V. The chosen 
capacity, 100 µF, has been purposely selected low enough to 
maximise the voltage unbalance and to appreciate the behaviour 
of the control system. The overall experimental results have 
shown the good ability of the enhanced control to improve the 
neutral point stability. 
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TABLE V.  NEUTRAL VOLTAGE UNBALANCE COMPARISON 

Neutral current Ɛ basic 
control 

Ɛ enhanced 
control Difference 

25 A peak @ 50 Hz 1.74 Vrms 1.70 Vrms -2.3 % 
25 A peak @ 150 Hz 3.86 Vrms 2.38 Vrms -38 % 
25 A peak @ 250 Hz 5.71 Vrms 2.75 Vrms -52 % 
25 A peak @ 350 Hz 8.46 Vrms 3.81 Vrms -55 % 

VII. CONCLUSION 
A State Space approach to the modelling of an independently 

controlled neutral leg has been proposed and validated. This 
model has put in evidence the previously neglected resonance 
effect of the system. Based on this model, a cascaded control 
has been proposed, simulated and tested by experimental tests.  
The results have shown the validity of the proposed control to 
provide a steady neutral line for a four-wire three-phase inverter 
even with high neutral current. Furthermore, an enhanced 
control with feed-forward and dead time compensation has 
been implemented. The enhanced control has shown improved 
results both in simulations and in tests. By exploiting the 
proposed model, other forms of control can be studied, and this 
will be the subject of future investigations. 
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