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Abstract: In this paper, the model predictive control technique is proposed to control the voltage
balancing for the subway train 1500 V DC system for variable loads. This paper compares the
conventional neutral point clamped converter (NPC) using the control technique of a PI controller
with model predictive control in variable load conditions. MPC enhances the stability of the system
during variable loads in comparison with the conventional technique. Consequently, the suggested
control technique using MPC can maintain the DC bus output voltage dynamics at variable loads
for the subway. Simulation results are provided to demonstrate the accuracy of the DC bus output
voltage dynamics for the proposed control method.

Keywords: neutral point clamped (NPC); model predictive control (MPC); cost function; proportional
integral (PI) control; space vector pulse width modulation (SVPWM)

1. Introduction

The transportation industry’s growing reliance on high-power systems and equipment
has highlighted the two-level converter’s drawbacks [1]. When utilized in high-power
systems, two-level converters experience switching losses, leading to a decrease, as the
switching frequency rises, in power effectiveness. Additionally, the circuit’s structural
qualities cause an increase in the amount of stress that each switch must withstand, resulting
in a reduced device lifetime [2]. As a result, more frequent converter maintenance and
repair are necessary, related to the limited switching frequency. To address these limitations,
numerous multilevel converters have been studied recently [3,4]. In comparison to a
two-level converter, the voltage level is raised in a multilevel converter by increasing the
number of switches in each circuit phase [5]. This structural feature allows for multiple
switches to distribute stresses. In comparison to two-level converters, the input current has
a lower total harmonic distortion (THD) at higher levels, providing multilevel converters
with excellent features without enlarging the filter size. Furthermore, compared to two-
level converters, the reduced current THD reduces the requirement for higher switching
frequencies, improving the power efficiency. Due to these benefits, multilevel converters
are advantageous.

In high-power systems, multilevel converters are preferred over two-level converters
due to their advantages [6,7]. Among the multilevel converters, the three-level NPC
converter has gained attention [8-10]. Three benefits make 3L-NPC power converters the
preferred choice in industrial and transportation applications. They can readily handle
high voltage and power levels; hence, they are first and foremost suited to medium- and
high-voltage settings. They also produce high-quality power. This results in cost savings
because 3L-NPC converters do not need passive filters to improve the power quality in the
same way as other candidate converter types [11,12]. However, controlling the currents
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and capacitor voltage in three-level NPC converters can be challenging and may lead to
reduced control performance and increased stress on the switch. To address this issue,
various control methods have been studied [7-11]. It is a major challenge to control the DC
bus bar voltage at the output of an AC/DC three-phase three-level NPC converter for a
subway at variable loads to operate the system in a normal way.

In this paper, MPC is used in place of conventional control methods to enhance the
stability of the subway system at variable loads. The stability of the system and the error
reduction in MPC are compared with those of conventional controls to prove the stability
increase in the system at different loads. As a result, both the output current and capacitor
voltage balance can be controlled using the suggested method. Simulated and actual trials
are used to confirm the viability of the suggested strategy.

2. AC-DC Bi-Directional NPC Topology
System Configuration

A three-level NPC inverter is an appropriate topology for usage in high- and medium-
power systems, as was stated in the Introduction. The NPC inverter’s three-level circuit
design is suited for applications in the transportation and industrial fields. There are
two switches in each phase of a two-level converter, which is commonly utilized. As a
result, one switch must withstand a voltage stress of either +V4./2 or —V4./2. The NPC'’s
three-level, three-phase inverter uses four switches and two diodes for each of its three
phases. Two switches can therefore equally divide the voltage stress of +V4./2 or —V4./2,
unlike two-level converters. Additionally, the two diodes and two mid switches enable
the load to be linked to the NP of the DC link, allowing the three-level NPC inverter to
have three voltage levels. As this converter has three voltage levels, the total harmonic
distortion (THD) is lower in the three-level inverter than the two-level converter. The NP,
however, experiences a current flow when the zero voltage is chosen, which may result in
fluctuations in the voltages at the higher and lower capacitors.

A three-level inverter is required, therefore, to regulate both the current and the
balance of the upper and lower capacitor voltages. The structure of a three-phase, three-
level NPC inverter is depicted in Figure 1. In the Figure 1, the resistor and inductor for each
phase is neglected, whereas, if we consider it for each phase, by applying KVL to Figure 1,
the equation will become

dig
t

Ven — igRg — Lgd— = Vg0 + Von Wwhere (g =x,y,2) 1)

Adding all the phase equations, we obtain

, di
Y Ven = ) igRg— ) Lyt = Vgo Von 2
g=xy2 g=xy2 g=xy2 §=XY,Z §=XY,Z
Assuming that the supply is balanced, we have
Y =0 i, =0, and dig _ 0 (3)
2 Ven =0, 72 ig =0, an 72 I =
&=Xy/2 &§=XY /2 §=XYZ

Therefore, the three phase equations can be rewritten as

Vin — Rix — Ld%x = %Vxo — 3Vvo — 3Vzo
. 1;
Vyn — Rly — LTZ = %VYO — %VXO — %VZO (4)

. di
Van — Ri; — LG = §Vzo — 3Vvo — 3Vxo

The voltages at the pole are given in Table 1 for various switching states, whereas the
switching algorithm is shown in Table 2 below.
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Figure 1. Load model of three-¢ three-level NPC converter.
Table 1. Pole voltages for various switching states.
Sg Sg1 Sg2 Sg3 Sga g0
+ve ON ON OFF OFF Vac/2
Zero OFF ON ON OFF 0
—ve OFF OFF ON ON —Vgc/2
Table 2. Switching algorithm.
Switching Symbol Switching State Pole Voltage
le Ux4 le st SX3 Sx4
1 0 ON ON OFF OFF Vac/2
0 0 OFF ON ON OFF 0
0 1 OFF OFF ON ON —Vg./2
1 1 ON OFF OFF ON Floating

Therefore, the pole voltage of phase X can be written as

VXO = levdcl + U VdCZ

©)

The pole voltages for phases Y and Z are similarly provided as follows:

Vyo
Vzo

Uy1Vaa + Uys Vae
Uzlvdcl =+ Uz4 Vch

(6)
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diy
1y
t
1z

dVaa

t
dVch
dt

The converter’s entire system dynamics equation in state-space representation is
as follows:

0 0 —f(3Vxa = 3Vn1 — 3Va)  £(3Vxa — 3Vva - 3Vz) |14
-3 0 —L(=3Vxa +3Vv1 — $Vz1)  £(=34Vxa + 5Vya — V) i
0 B Y S VORI VA VS I N AVA SVAT AV Y
U UL T 3 VX1 3i Y1 3VZ1 I 3 VX4 31 Y4 3VZ4 1y
1 . — _
% Cll RLG, RLG, VdCl (7)
-3 - KRG R Va2
2 2 1 L2 L2
£ 0 07 [Vx
+10 &£ 0o |[Vy
0 0 % Vz

By taking all output state variables, the equation of the output can be written as

10000
01000

w= 1001 0 0|[ix iy i, Vaa Vaa] ®)
00010
00001

It is clear from (7) and (8) that the switch signals and system parameters affect the
converter’s dynamic equations. Thus, the regulation of the switching signals affects the
dynamics of the converter as a whole.

By the definition of the space vector, the output voltage equation will be

2
v=3 (Vxo + avyo + *?v,0) 9)

There are 27 switching states for the three-phase NPC converter, which results in 19
distinct voltage vectors. Some of the switching states are redundant and produce the same
voltage vector. For one phase of the converter, the switching states are as shown in Table 1.

3. Proposed Model Predictive Control Method
3.1. Conventional PI Control Method

A PI controller is required for non-integrating processes, or processes that eventually
produce, given the same set of inputs and disturbances, the same output. The proportional-
integral controller employs both proportional and integral controller control actions. The
shortcomings of each individual controller are eliminated when two different controllers
are joined to provide a more efficient controller.

The expression for the PI controller is as follows:

I; = Kprop (VDC,reference - VDC BUS) + Ki(VDC,reference - VDC BUS) (10)

In the above equation, K;, and K; are the gains of proportional and integral control for the
DC bus bar voltage. The DC link’s bare minimum voltage is required to determine the peak
line-neutral voltage, which can be written as

Vieminimum > VINRMS) * V2 % V3 & 245 % Viyrws) (11)

3.2. Model Predictive Controller

MPC is used for the prediction of future values for a complete horizon in time. The
cost function should be designed as per the system model, which will represent the system
behavior. The best results can be achieved by lowering the cost function. The discrete time
model for MPC in the state-space model is expressed as follows:

h(r+1) = Ah(r) + Bj(r)

w(r) = Cw(r) + Dm(r) (12)
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By measuring the data and generating a new set of ideal actuations for every iteration
of the optimization challenge, the model can be solved for each sampling instant. The
working principle is shown in Figure 2.

past future value

i(r+1)

i(r)

Figure 2. Working principle of MPC.

The discrete time model is obtained by using the Euler method, for which the expres-

sion is as follows:
% _ h(r+1)— h(r)

dt Ts
The expression for the load, which allows the future load current to be forecast at time
r + 1, is written as

(13)

Pr+1) = (1 -5 ) i(r) + 2(v(r) —e(x) (14)

3.2.1. Capacitor Voltage Control on Output of Converter

A pair of capacitors are connected in series on the DC link of a three-level NPC, and
the capacitor’s neutral point is clamped on each leg by a pair of diodes. When a three-level
NPC is in operation, a voltage imbalance between the upper and lower capacitors occurs
because the upper and lower capacitors are charged or discharged at different rates due to
the three phases” switching states. When using small vectors, V1-V6 experience this type of
voltage unbalancing. As the voltage unbalancing of the DC link capacitor creates distortion
in the AC side current, voltage balancing management of the upper and lower capacitor
is required.

The capacitor voltage equation for the upper and lower arms at (r + 1) is written as

Vc—upper<r+1) = Vc—upper +

ic—upper (r) Ts (15)
Vcflower(r—i_l) = Ve_lower T+

icflower (I‘) Ts

el

The switching status of each leg determines the current i that flows into the DC link
capacitor from the three-level NPC AC/DC PWM converter, which is expressed as follows:

icfupper(r) = idc(r) - Hlxix(r) - Hlyiy(r) - leiz(r) (16)
icflower<r> = idc(r) - H2XiX(r) - H2yiy(r) - HZZiZ(r)
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In Equation (15), Sg1 and Sy, are determined by the below switching status:
Hy, — 1 if Sg ="+ ve
8 zero  otherwise
Hy, — 1 if §g = —ve (17)
J zero  otherwise
forg =x,y,z

Source voltage
X - - -
y - -

z

PHASE
ESTIMATION

3 PHASE 3 LEVEL CONVERTER

The capacitor’s voltage balancing equation can be considered from Equations (14)—(16).

3.2.2. Cost Function

When reducing the current and DC bus voltage error, the predictive current and
voltage control shows rapid dynamic characteristics. The absolute difference between the
reference current and voltage and the predicted current and voltage must be taken into
account by the cost function, which is written as

g = ity — ils:’(x ’ + i:ﬁ - ils)[_:, ‘ — Ade Vg—upper - Vlc)flower (18)
Using this component Ay, vffupper - vf_l ower | the voltage balance of the three-level

NPC DC connection capacitor is managed.
The control flow diagram for the MPC is shown in Figure 3b.
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Figure 3. Schematic showing (a) MPC block diagram for three-phase three-level NPC; (b) design

control flow diagram.

4. Simulation and Discussion

The simulation is performed for variable loads in a subway for both controllers, PI and
MPC, with a three-level NPC DC output voltage. As a result, three different voltages, 750
[Vci-upper, Vea-Lowerl, 1500 [V, can be employed. However, in this case, the simulation
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runs when the load is connected to 1500 [V 4.]. Figure 4 shows the Simulink model of the
system, whereas Figure 5a,b shows the grid voltage and current which is applied.

7 A ]

Figure 4. Proposed system model diagram.

400 ; T

=
S
S

— 1]

Figure 5. Schematic showing grid (a) voltage; (b) current.

To confirm the effectiveness of the suggested method’s control for variable loads in
the DC bus bar of subway, simulations concerning PI control and model predictive current
control are conducted under the same conditions.

Figure 6 shows the control responses of the PI and MPC controllers. In Figure 6a,
for the PI controller, it is clear that the first load is applied at 0 sec and the peak time
is approximately [0.1 s], the rise time is approximately [0.075 s], the overshoot time is
approximately [0.025 s] and the settling time is approximately [0.125 s] to become stable at
1500 V4. in the DC bus bar of the subway. When another load is applied at 2 s, the change in
voltage is very large and the voltage abruptly declines to 1320 V4; at this position, the peak
time is approximately [2.1 s], the rise time is approximately [2.075 s], the overshoot time is
approximately [2.025 s] and the settling time is approximately [2.125 s] to become stable at
1500 V4. in the DC bus bar of the subway, which can harm the system. On the other hand,
for MPC, in Figure 6b, with the changing load timings, there is a minor change in voltage
for both loads and the response is very good. From the above discussion, it is clear that
the MPC response is better than that of the PI controller and the THD is reduced in MPC
compared to the PI controller, as shown in Figure 7. Figure 8a,b is showing the capacitors
voltage behavior for PI and MPC, where it’s clear that there is too much capacitors voltage
fluctuations in capacitors voltage for PI controller and results for MPC is best.
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Figure 6. The bus bar voltage for variable loads for (a) PI controller; (b) MPC controller.
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Figure 7. FFT analysis of the system for (a) MPC controller; (b) PI controller.
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Figure 8. The upper and lower capacitor voltages (a) for PI controller; (b) for MPC controller.

5. Conclusions

This study models a three-level NPC AC/DC converter utilizing an LL filter and
implements model predictive control (MPC). Through simulation, the three-level NPC
converter’s control performance is confirmed, and the results are compared with those of
the PI control method when the MPC method is used for variable loads on the DC bus bar
of a subway. Based on the simulation results, the dynamic characteristic performance is
enhanced in a transient condition when model predictive control is used in place of a PI
current controller. Model predictive current control performs better in balancing the upper
and lower capacitor voltages of the NPC.
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