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The ventilation system plays a vital role in ensuring the safety of people and
means of transportation. Fresh air is created in the tunnel mainly thanks to
the exhaust fans arranged at the top of the tunnels. The drive motor for the
exhaust fan in the Thu Thiem Road tunnel has a power of 560 kW and
operates at a voltage of 6 kV. The paper proposes a 13-level modular
multilevel inverter (MMC) with the improved nearest level modulation
(NLM) method to ensure the quality of voltage output from the voltage
source inverter-fed exhaust fan drive motor. This is a novel combination
aimed at transforming electrical power at high voltage levels, high power,
and enhancing operational efficiency and the lifespan of semiconductor
components within the inverter when operating continuously and over
extended durations. The theoretical research results verified through
MATLAB/Simulink software with simulation parameters collected from the

Nearest level modulation
Road tunnel

exhaust fan motor of Thu Thiem Road tunnel, Vietnam show total harmonic
distortion of the current in operation with 13 levels is 1.23%, while that of
the current in operation with 7 levels is 10.1%; total harmonic distortion
(THD) of the voltage with 13 levels is 5.33%, while that of the voltage with
7 levels is 11.37%.
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1. INTRODUCTION

A road tunnel is a closed place, the tunnel is long, and the exchange of air with the outside
environment does not easily lead to danger to human health when the tunnel contains toxic substances such
as NO, CO, CO,, SO; ... due to a vast amount of means of transportation. Therefore, the solution to design
the tunnel ventilation system is very important and necessary to ensure: The supply of adequate fresh air
from the outside environment to dissipate excess heat and neutralize toxic gases. pollution and dust removal,
the amount of gas in the tunnel must be treated before removal. There are three methods of ventilation for the
tunnels: vertical ventilation system, horizontal ventilation system, combined method of vertical ventilation,
and horizontal ventilation [1]. Thu Thiem road tunnel has a length of 1,490 m, for two lanes in opposite
directions, using a longitudinal ventilation system in each section. The ventilation system diagram is shown
in Figure 1, especially in this diagram; 4 red exhaust fans are installed in the two east ventilation towers and
west ventilation towers with a capacity of 525 kW and a supply voltage of 6 kV. Therefore, using multi-level
inverters is suitable for feeding high-power motors. A multilevel inverter is based on the principle of
generating output voltage levels. The advantages of the multilevel inverter outweigh its disadvantages:
Generating output voltage with very low harmonic distortion, reducing the dv/dt stresses, and prolonging the
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duration of power semiconductor switches compared with a two-level inverter [2]. The multilevel converters
are in various applications: hybrid converter applications in grid integration [3], applications in wind energy
integration [4], and applications in high-power motor control [5]-[7]. There are 3 types of common
multilevel inverters: diode clamped multilevel inverter (NPC) [8]-[10]; flying capacitor multilevel inverter
[11], [12]; cascaded H-bridge inverter (CHB) [13]-[18], modular multilevel converter (MMC) [19]-[22].
Among these multilevel inverters, the MMC has outstanding advantages with high modularity and
packaging, making it easy to change configuration when increasing or decreasing the number of voltage
levels by adding or subtracting the number of inverters; low switching frequency so efficiency is improved
[23]-[25]; In the content of the article, focusing on the three-phase structure of MMC 13-level inverter to
control large-capacity, high-voltage exhaust fans.

13+560

13+737 13+787

13+83 14+23

14+470 14+650

l i i B
L | . . |
. . D (co) < AV-E
| | | vi JF-WB1 I I .
< - | 13+782 N1 JF-wB4 X
: k=
13*5!3-1 I | JF-WB2 N2 JF-WBS5 | | .
X : (.
. . JF-WB3 JF-WB6 |
HCM SIDE C I . THU THIEM SIDE .
- 1
= ; | !
r I | JF-EB3 JF-EB6 I . :
. N6 : . |
I : |
. I I JFEB2 N5 JF-EBS I . =4
I . : :
= | | | JF-EBL N JF-EB4 w0 Vil XWST'GS I
: AV-W > @ ﬂ . . .
- 1
o T 1 1 1 1 I =
| | cC |_I_ 13+742 144230 144370 14+430 14+47oi _--|
o R P — .
_r eastvenriaton L .. — .. -

WEST VENTILATION TOWER TOWER

Figure 1. Ventilation system diagram of Thu Thiem Road tunnel

2. DESIGN CONTROL FOR MMC 13-LEVEL INVERTER

The control structure diagram of the exhaust fan drive system shown in Figure 2, using the field-
oriented control (FOC) method, comprises three control loops: current control, flux control, speed control
loops, and 13-level-voltage source inverter fed induction motor (IM); the current controller is designed by the
exact linearization method, and two controllers for voltage and current loops use the proportional—integrals

(PIs). In section 2, the focus is on designing the control for the 13-level inverter.
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Figure 2. The control structure of the exhaust fan drive system using a 13-level MMC inverter
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2.1. Structure of the MMC inverter

The structure of the MMC used for the exhaust fan drive system is illustrated in Figure 3. Each
phase comprises two valve arms, including the upper and lower arms, containing a total of N sub-modules
(SMs) connected in series under a common DC voltage, Vpc. The inverter can expand its voltage levels by
adding more SMs to each arm to increase its voltage with standability. The inductance L, in each phase limits
the converter's circulating currents and transient processes; the resistor R, helps better capacitor charging and
minimizes overcurrent surges in the circuit [24].
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Figure 3. The three-phase structure of the MMC inverter

The total DC voltage of each MMC arm is equal to the sum of the DC voltage across each sub-
module (SM), meaning that each SM will experience a voltage level of Vpc/N. The AC voltage on each
phase, denoted as vx(x=a, b, ¢), changes step by step within the range of Vpc/2 to -Vpc/2, with each step of
voltage being Vpc/N. The most common structure of an SM is the H-half bridge configuration, with the DC
side containing only one capacitor. The H-half bridge SM has the advantage of using two semiconductor
switches to transfer voltage from the DC side to the AC side. The H-half bridge SM structure for output
voltage has two levels, either 0 or V¢ (the voltage across the capacitor of SM), depending on the on/off state
of insulated-gate bipolar transistor (IGBT) switches S1 and S2.

2.2. Principle of generating a voltage level in an H-half bridge SM

To generate AC output voltage, the controller will send signals to turn the SM's IGBTs on or off.
The SM is inserted or bypassed based on the state of the valves within the SM. The H-half bridge SM
structure has two switching states: S1 is ON, and S2 is OFF; S1 is OFF, and S2 is ON. These two switches
cannot be turned on simultaneously because the capacitor voltage will be discharged completely, rendering it
ineffective. Four different operating states can be achieved based on the current directions by considering the
switching states, as shown in Figure 4. Namely: Figure 4(a): Vsm will be zero, and the capacitor is “bypassed”
This state is known as the “bypass” state of the SM; Figure 4(b): Vsm=Vc. The voltage of the branch is set
across the SM and will increase by one step. This state is known as the “insert” state of the SM; Figure 4(c):
The current direction is reversed, the capacitors are discharged, and Vsy=Vc. This state is the “insert” state of
the SM; Figure 4(d): The capacitors will be “short-circuited”, and Vsu=0. This is also the “bypass” state of
the SM.

2.3. Principle of operation of the MMC converter
In the regular operation of the MMC, all capacitors are charged to their rated value, which is Vpc/N.
Then, the control algorithm implements the “insert” or “bypass” rules for the SMs, where each SM of one
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branch that is turned on will turn off a corresponding SM from the other branch, ensuring that there are
always N SMs turned on in each phase during one working cycle. Once all capacitors are charged, the
controller sends signals to turn on and off the SMs to generate AC voltage from a DC source.

(b) (d)

Figure 4. The current in: (a) and (b) the positive direction and (c) and (d) the negative direction

At each sampling time, only half of the total SMs in a phase are turned on (i.e., N SMs are turned
on). As a result, the total number of working capacitors connected from the upper and lower branches always
equals N at any given time. Due to the switching on and off of the SMs, the AC output voltage fluctuates
from -Vpc/2 to +Vpe/2, with each voltage step being Vpc/N.

2.4. Nearest level modulation method

Nearest level modulation (NLM) is a modulation method especially suited for MMC structures with
many SMs to generate high-quality voltage output [12], [18], [26]. The advantage of this method is its simple
implementation without the need for complex calculations, reducing harmonic losses at low switching
frequencies of the valves. The main idea of the NLM method is to divide the input voltage Vpc evenly among
the capacitors of the SMs in the MMC and arrange these voltage levels according to the desired reference
voltage, as shown in Figure 5. The NLM algorithm calculates through rounding operations to obtain the
integer number of SMs needed to be inserted to achieve the desired output voltage level. The reference
voltage component vy is represented as (1).

vref = @cos(a) t) 1

where m(0 <m<1)is the duty cycle.
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Figure 5. Output voltage signal and reference voltage signal of the NLM modulation method
2.5. The improved NLM modulation method for MMC

The conventional NLM method generates an N+1 level waveform [19]. Therefore, in the case of an
MMC with a small number of SMs, the output voltage's total harmonic distortion (THD) tends to increase.
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To improve the output voltage quality, an improved NLM method is used to increase the number of voltage
levels of the MMC output to 2N+1 under the same number of SMs. This means that compared to the
conventional NLM method, the improved NLM method nearly doubles the number of voltage levels at the
output. The schematic structure of the process implementing the improved NLM modulation method for
MMC is illustrated in Figure 6. Figure 7 shows the operating principle of the improved NLM method for the
MMC converter with 10 SMs on each branch [27].
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Figure 6. Generating IGBT switching signals for Figure 7. The principle of the improved NLM method
the SM

The difference between the conventional and the improved methods lies in the rounding function,
which generates voltage steps v;*” v;"°" and differs by 0.25 Vc. This value is lower than the conventional
NLM methods, which use a step size of 0.5 Vc. This small difference is the fundamental reason for the
increased voltage levels. To achieve this, the number of additional SMs added in each valve switching cycle

is determined using the rounding function described in (2) and (3).

N, = round, ;s {Z—sg [1 —mcos( a)t)]} 2

Ny = round, s {ZTDE [1+mcos( wt)]} 3)

The rounding function round 0.25(x) means that the value of x is rounded to the nearest integer value
depending on the decimal part of x. If the decimal part of x is greater than 0.25, x is rounded up to the next
specified value. Conversely, if the decimal part is less than or equal to 0.25, x is rounded to the previous
specified value. In the improved NLM method analysis process, we consider two-time intervals from t; to t,
and t; to ts as shown in Figure 7.

In the first case, the time interval from t; to t,. Let's assume that the voltage of the lower branch
vZ® = MV, , with M being the reference value of the branch voltage at ty, is determined by (4).

{v[ef = (M + 0.25)V, @
vl = [(N =M —1) + 0.75]V
The reference value of the voltage and the output AC voltage at t; are determined according to (5).
ref _ . ref ref __
v, =v, +vy; =(M-—05N+0.25)V, (5)

According to the improved rounding function, the voltage step waveform of the branch voltage in
the first case is determined as (6).
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step __
v = MV,
e ©
v P = (N — M)V,
In this case, the value of the AC voltage at ti, after being rounded, is determined according to (5).
v, P = v P + v = (M — 0.5N)V, ©)

In the second case, from t, to ts, the reference value of the branch voltage and the AC voltage at t; are
determined by (8).

v = [(M = 1)+ 0.75]V

{v[ff = [(N — M) + 0.25]V, ®)
The reference value of the AC voltage at t; is determined by (9).

v = + v = (M - 05N - 0.25)V 9)
The voltage step waveform of the branch voltage in this case, after being rounded, is determined as (10).

step _

{Z}Itep ; ZVVC_ M+ 1)V, (10)
The voltage step waveform of the AC voltage in this case, after being rounded, is determined as (11).

vyt = v + v = (M — 0.5N — 0.5)V, (11)

Comparing (7) and (11), it can be seen that the voltage step sizevjtep is 0.5 Vc. The largest deviation

between v, and vS"°? appears at the time of step change (tu, t,, and ts). By comparing in (7) or (9) with (11),
we can observe that the maximum deviation is 0.25 Vc. Therefore, the improved method generates nearly
double the number of levels, 2N+1 voltage levels, compared to the conventional method when using the

same number of N-inserted SMs.

3.  SIMULATION RESULTS

Section 3 provides simulation results to validate the theoretical studies presented in sections 1 and 2.
The parameters used in the simulation are collected from the Thu Thiem Road tunnel's ventilation system,
shown in Table 1, and the parameters of the 13-level inverter are demonstrated in Table 2.

Conducting a simulation on MATLAB/Simulink for a period of 5s, the set speed gradually
increases from 0 to the rated speed n,4..q = 592(rmp) in the range of 0-1.5 s, and then the speed gradually
decreases. Figures 8(a) and 8(b) illustrate the current results of a standard sine waveform on the motor load in
operation mode with 13 and 7 levels. The standard sine waveform of 13 levels is better than that of 7.

Table 1. Parameters of the exhaust fan motor

Parameters Symbol Value
Rated power Py 560 KW
Rated voltage U, 6 kV
Power factor cos @ 0.8
Rated speed Nem 592 rpm

Pole pair p 10
Rated current In 331.2A
Rated torque Mrated 6,906 Nm

Roto resistance Ry 0.5116 Q
Stator resistance Rs 0.6 Q
Rotor inductance L, 0.0104 H
Stator inductance Ls 0.0216 H
Mutual inductance Lm 0.24H
Moment of inertia J 32.8 kg.m?

13-level modular multilevel inverter application for the exhaust fan drive control ... (An Thi Hoai Thu Anh)
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Table 2. Parameters of 13-level inverter

Parameters Symbol Value
DC voltage Ve 12,000 V
Number of SM per phase 2N 12
SM voltage Ve 2,000 V
Resistor per arms To 05Q
Inductance per arms L, 50 mH
Carrier frequency f 50 Hz
NLM output frequency faim 300 Hz
Modulation factor m 0.95
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Figure 8. Comparison phase current on the load of (a) 13-level inverter and (b) 7-level inverter

Analysis of THD in Figures 9(a) and 9(b) corresponds to the two MMC converter modes. The

results indicate that the THD of the current in operation with 13 levels is 1.23%, while with 7 levels, it is
10.1%. This highlights the effectiveness of the multilevel converter as the number of levels increases,
enhancing the quality of the power supply for the motor.

Figures 10(a) and 10(b) show the voltage supplied to the motor in the mode with 13 levels and 7
levels. The results reveal a staircase-like voltage waveform closely following the standard sine trajectory.
The levels are distinct, and there is no existence of voltage spikes. This signifies that the semiconductor
components have a very low switching frequency to ensure long-term operating conditions of the system.
THD analysis of the voltage on Figures 11(a) and 11(b) corresponds to the two modes of the MMC
converter. The results indicate that the THD of the voltage with 13 levels is 5.33%, while that of the voltage
with 7 levels is 11.37%. This also implies that as the number of levels increases, the THD of the voltage
decreases significantly. A notable aspect of these results is that the converter does not require current and
voltage filtering at the output end while still achieving shallow THD values as the number of levels increases.
This will make the system compact and cost-effective.

Figure 12 represents the voltage values of the capacitors in phase A of the 13-level MMC inverter.
The results show that the capacitor voltages oscillate in the range of 1,800 to 1,950 V. The capacitors' voltage
oscillation range is 150 V, corresponding to 27.5% of the rated capacitor voltage value. This outcome ensures
stable capacitor operation and prevents forced operation of semiconductor components, thus guaranteeing the
quality of current and voltage parameters supplied to the load.
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Figure 9. Comparison THD of phase A load current of (a) 13-level inverter and (b) 7-level inverter
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Figure 11. Comparison THD of phase A load voltage of (a) 13-level inverter and (b) 7-level inverter
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Figure 12. The voltage levels of the capacitors in the upper and lower branches of phase A

CONCLUSION
The paper has focused on the NLM method for the MMC fed exhaust fan drive motor of the Thu

Thiem tunnel. The NLM method can generate any voltage level and be easily applied to MMC to create
multiple voltage levels. The solution makes it easier for the semiconductor components to endure only low
voltage values during long-term operation. Simulation results demonstrate that MMC capacitors' THD
current, voltage, and voltage balance responses meet the control objectives. A notable aspect of these results
is that the inverter does not require current and voltage filtering at the output while still achieving shallow

THD

values as the number of levels increases. This will make the system compact and cost-effective, suitable

for application and scaling of the control model in continuous, long-term operating electric drive systems

such

as the exhaust fan drive system in the Thu Thiem tunnel.
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