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 The Thu Thiem road tunnel in Vietnam is crucial in reducing traffic 

congestion and ensuring the safety of those passing through, thanks to its 

ventilation system that generates clean air. This fresh air production is 

primarily supported by two exhaust fans at both ends of the tunnel in the 

eastern and western towers. However, the fans have a power capacity of 

several hundred kW and operate at kilovolt-level voltage, which is 

unsuitable for conventional inverters. Therefore, this paper proposes a 7-

level inverter to feed the exhaust fan drive motor. The 7-level inverter 

improves the output voltage quality, and the output current and voltage have 

reduced the harmonic distortion significantly. The outstanding advantages of 

this inverter are verified through MATLAB/Simulink simulation software 

compared to a 3-level inverter. 
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1. INTRODUCTION 

The road tunnel not only contributes significantly to the economic and social development but also 

improves the quality of citizens' lives of each nation, easing traffic congestion by creating an alternative route 

for vehicles, especially in areas with high traffic density, increasing travel speed between destinations, 

reducing travel time, and enhancing the efficiency of the transportation system. However, road tunnels also 

face disadvantages because of the closed and long tunnels. With many vehicles in the tunnel, a significant 

amount of toxic gases such as NO, CO, CO2, and SO2 is released, which can seriously affect the health and 

safety of those using the tunnel [1], [2] and the amount of gas in the tunnel must be cleaned before being 

taken out [3], [4]. Thu Thiem road tunnel, the most advanced modern tunnel in Ho Chi Minh city, is designed 

to traverse the Saigon River. Inside the tunnel are six spacious lanes for two-way traffic, with lane widths 

ranging from 2 m to 3.5 m. The maximum speed for motorcycles is 40 km/h, while cars can travel at 60 km/h 

within the tunnel. The ventilation system shown in Figure 1 includes several devices: electrostatic 

precipitator (EP), 04 exhaust fans (TVF), 12 jet fans (JF), escape ventilation fans, and air quality 

measurement sensors. Among equipment, each exhaust fan motor is 525 kW and has a voltage of 6 kV. 

Therefore, multi-level inverters are suitable for feeding large power motors and are applied in industry, 

transportation, and renewable energy resources [5]-[11]. 

Multilevel inverters that can generate the output voltage with very harmonic distortion, lower than 

that of conventional inverters, increasing the duration of power semiconductor switches, are divided into 
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three types: neutral‐point diode-clamped multilevel inverter (NPC), flying capacitor multilevel inverter, and 

cascaded H-bridge inverter (CHB) [12]-[16]. Table 1 shows that CHB uses the fewest components. In the 

three configurations in Table 1, CHBs use the fewest components. Additionally, each H-bridge cell operates 

at a lower voltage, reducing stress on the components and thereby improving the reliability and lifespan of 

the inverter. The CHB inverter can also be configured for many applications, including medium and high 

voltage applications, making it flexible for different power inverters [17]-[20]. The article's content focuses 

on 7-level inverters applied to exhaust fans, as shown in Figure 2. 
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Figure 1. The four exhaust fans installed in the tunnel in red 
 

 

Table 1. Comparison of the numbers of components in one phase of three types of inverters with n- n-levels 
Topology of inverter NPC FC CHB 

IGBT 2(n-1) 2(n-1) 2(n-1) 

Diode paralleled with IGBT 2(n-1) 2(n-1) 2(n-1) 

Clamp diode  (n-1)(n-2) 0 0 
Capacitors on DC source (n-1) (n-1) (n-1)/2 

Balancing capacitors 0 (n-1)(n-2)/2 0 
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Figure 2. The CHB 7-level inverter fed the exhaust fan drive system 

 

 

2. DESIGN CONTROL FOR CASCADED H- BRIDGE 7-LEVEL INVERTER 

Figure 2 shows the control structure of a CHB 7-level inverter with the field oriented control (FOC) 

method, including the current control loop using the exact linearization method, flux control, speed control 

loops with PI controllers [21]-[25] and 7-level voltage source inverter fed induction motor (IM) demonstrated 

in Figure 3 includes three single–phase topologies, the DC sources udc must be isolated from each other; each 
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AC output connected to output A, B, C of three-phase balanced loads Za=Zb=Zc, and a common terminal at 

point N is also an isolation point, Z is the neutral point of load. 
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Figure 3. The three-phase structure of 7- level cascaded inverter 

 

 

2.1.  The space vector modulation of the 7-level voltage source inverter 

The space vector modulation of the 7-level voltage source inverter is conducted in three steps:  

Step 1: determine the state vector, voltage vector and corresponding voltage value 

Assume that the three VDC voltages are balanced and equal to each other. Output voltage on each 

phase VAN, VBN, VCN can receive one of seven levels: +/–Vdc, 0, +/-2Vdc, +/-3Vdc. The voltage across each 

phase of the inverter load is equal to: 
 

{

𝑣𝐴𝑁 = 𝑘𝐴. 𝑉𝐷𝐶
𝑣𝐵𝑁 = 𝑘𝐵 . 𝑉𝐷𝐶
𝑣𝐶𝑁 = 𝑘𝐶 . 𝑉𝐷𝐶

 With (kA, kB, kC)={3; 2; 1; 0; -1; -2; -3} (1) 

 

Assuming the three phases are load balanced, the voltage across each phase of the load will be equal to: 
 

{

𝑣𝐴 = 𝑣𝐴𝑁 − 𝑣𝑍𝑁
𝑣𝐵 = 𝑣𝐵𝑁 − 𝑣𝑍𝑁
𝑣𝐶 = 𝑣𝐶𝑁 − 𝑣𝑍𝑁

 with vA+vB+vC=0; 𝑣𝑍𝑁 =
1

3
{𝑣𝐴𝑁 + 𝑣𝐵𝑁 + 𝑣𝐶𝑁} (2) 

 

The voltage vector can represent the three-phase voltage system: 
 

𝑣 =
2

3
{𝑣𝐴 + 𝑎𝑣𝐵 + 𝑎

2𝑣𝐶} with 𝑎 = 𝑒𝑗
2𝜋

3 = −
1

2
+ 𝑗

√3

2
 (3) 

 

Therefore: 
 

𝑣 =
2

3
[𝑣𝐴 −

1

2
(𝑣𝐵 +𝑣𝐶) + 𝑗.

√3

2
(𝑣𝐵 −𝑣𝐶)] = 𝑣𝐴 + 𝑗.

1

√3
(𝑣𝐵 −𝑣𝐶) (4) 

 

Representing voltage vector in αβ coordinate: 𝑣 = 𝑣𝛼 + 𝑗𝑣𝛽 

Where: 
 

{
𝑣𝛼 = 𝑣𝐴

𝑣𝛽 =
1

√3
(𝑣𝐵 −𝑣𝐶)

 (5) 

 

The phase angle of the vector v is determined: 
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𝜃 = ar𝑐𝑡𝑔
𝑉𝛽

𝑉𝛼
 (6) 

 

Converting the output voltage vector on the αβ coordinate system to the gh coordinate system with two axes 

g, and h, creats an angle of 600, the g axis coincides with the α axis. The base unit vector of the gh coordinate 

system is (7): 
 

[
𝑔𝑒
ℎ𝑒
] = [

𝑒𝑗0

𝑒𝑗
𝜋

3

] = [
1
1

2
+ 𝑗

√3

2

] (7) 

 

The linear transformation does not change the vectors, keeping the coordinate origin, so a vector represented 

on two coordinate systems remains the same: 
 

𝑣 = 𝑣𝛼 + 𝑗𝑣𝛽 = 𝑣𝑔𝑔𝑒 + 𝑣ℎℎ𝑒 (8) 
 

From (7) and (8): 
 

𝑣𝛼 + 𝑗𝑣𝛽 = 𝑣𝑔 + 𝑣ℎ (
1

2
+ 𝑗

√3

2
) (9) 

 

From (9), calculating easily: 
 

{
𝑣𝛼 = 𝑣𝑔 +

1

2
𝑣ℎ

𝑣𝛽 =
√3

2
𝑣ℎ

or {
𝑣𝑔 = 𝑣𝛼 −

1

√3
𝑣𝛽

𝑣ℎ =
2

√3
𝑣𝛽

 10) 

 

Replacing (6) into (10): 
 

{
𝑣𝑔 = 𝑣𝛼 −

1

√3
𝑣𝛽 = 𝑣𝐴 −

1

3
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2

3
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2

√3
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2

3
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 (11) 

 

From (1) and (2): 
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Therefore: 
 

{
𝑣𝑔 =

2

3
𝑉𝐷𝐶(𝑘𝐴 − 𝑘𝐵)

𝑣ℎ =
2

3
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or {
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2

3
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𝑣ℎ =
2

3
𝑉𝐷𝐶𝑘ℎ

 (13) 

 

Where: 
 

{
𝑘𝑔 = 𝑘𝐴 − 𝑘𝐵
𝑘ℎ = 𝑘𝐵 − 𝑘𝐶

 (14) 

 

Seven-level H-bridge inverter in three phases, 𝑘𝐴, 𝑘𝐵 , 𝑘𝐶 ∈ {-3, -2, -1, 0, 1, 2, 3}. From (15) We can 

calculate the kg, kh coordinates of the vectors on the gh axis corresponding to the positions of the standard 

vector states Vi, and calculate the neutral voltage VZN from (2). spatial vector representation on the gh 

coordinate axis for a CHB three-phase inverter, 127 standard vectors are the vertices of the sub-triangles, 

with the numbering of the vectors increasing counterclockwise, from inside to outside. 

If choosing kA=k, where k must satisfy: −
𝑀−1

2
≤ 𝑘 ≤

𝑀−1

2
, M is the number of levels of the multi-

level inverter. From (15) for each vector state, the number of combinations of state levels obtained on the 

coordinate (a, b, c) is: 
 

[
𝑘𝑔
𝑘ℎ
] ⇒ [

𝑘𝐴
𝑘𝐵
𝑘𝐶

] = [

𝑘
𝑘 − 𝑘𝑔
𝑘 − 𝑘𝑔 − 𝑘ℎ

] with 

{
 
 

 
 −
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That is, k must satisfy: 
 

{
𝑘 ≥ 𝑚ax {−

𝑀−1

2
, −

𝑀−1

2
+ 𝑘𝑔, −

𝑀−1

2
+ 𝑘𝑔 + 𝑘ℎ}

𝑘 ≤ 𝑚𝑖𝑛 {
𝑀−1

2
,
𝑀−1

2
+ 𝑘𝑔,

𝑀−1

2
+ 𝑘𝑔 + 𝑘ℎ}

 (16) 

 

it is possible to calculate all the combinations of state vectors for the hexagonal angles I, II, III, IV, V, VI if 

the number of voltage levels M, kg, k are determined. 

Step 2: synthesizing the output voltage vector from the standard state vector. Determining the 

position of the vector V in the large sector. The calculation becomes more straightforward if the symmetry of 

the space vector system in each of the sixths is used. Show on the vector plane three hexagonal coordinate 

systems (Z1x, Z1y), (Z2x, Z2y), (Z3x, Z3y) in Figure 4. 
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Figure 4. The coordinate systems of (Z1x, Z1y), (Z2x, Z2y), (Z3x, Z3y) 
 

 

The output voltage vector will be in one of the six sixths. First, we need to determine the projection 

of the vector v∗ = [vα
∗ + vβ

∗]T onto the two boundary vectors of the sixth angle by projecting the coordinates 

α, β onto the respective coordinate system (Z1x, Z1y), (Z2x, Z2y), (Z3x, Z3y). 
 

{
z1x = vα −

1

√3
vβ

z1y =
2

√3
vβ

; {
z2x = vα +

1

√3
vβ

z2y = −vα +
1

√3
vβ

; {
z3x =

2

√3
vβ

z3y = −vα −
1

√3
vβ

 (17) 

 

After determining the Zij coordinates, the algorithm tolocate the sector is shown in Figure 5. 

Locating the vector in the triangles formed by the three vertices as the normal vector. Representing the 

standard vector states on gh coordinates, the vectors will form equilateral triangles of length 1, with a 7-level 

three-phase inverter having 16 triangles in each sector. The triangle number in each sector will be numbered 

in anti-clockwise and inside-out order indicated Figure 6. 
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Figure 5. Algorithm to determine large sector 

 

 

Figure 6. Order of triangles in a large sector 

 

Determine the two coefficients m1 and m2, which represent the ratio of the projection of the desired 

output voltage vector onto the two boundary vectors of the sixth angle: 
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{
𝑚1 =

𝑧𝑖𝑥

(2/3)𝑈𝐷𝐶

𝑚2 =
𝑧𝑖𝑦

(2/3)𝑈𝐷𝐶

 (18) 

 

Based on m1, m2 determines the vector position in each triangle in Figure 6. Synthesise the output 

voltage vector from the three nearest reference vectors (calculation of modulation factor) the desired output 

vector lies in any triangle synthesized from the nearest three vectors, which are the vertices of this triangle. 

This can ensure an excellent harmonic component for the output voltage waveform. The calculation of output 

voltage vectors is shown in Figure 7. 
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
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Figure 7. Summarizing the output voltage vector from the three vertex vectors of the triangle 
 

 

Let mg, mh be the decimal parts apart from the integer part of the coordinates vref projected onto the 

Og, Oh axis respectively: 
 

{
𝑚𝑔 = 𝑣𝑟𝑔 − ⌊|𝑣𝑟𝑔|⌋ = 𝑣𝑟𝑔 − 𝑘𝑔
𝑚ℎ = 𝑣𝑟ℎ − ⌊|𝑣𝑟ℎ|⌋ = 𝑣𝑟ℎ − 𝑘ℎ

 (19) 

 

Vr1 can be synthesized from three vectors p1, p2, p3 as (20): 

 

𝑉𝑟1 = 𝑝1 +𝑚𝑔(𝑝2 − 𝑝1) + 𝑚ℎ(𝑝3 − 𝑝1) = (1 − 𝑚𝑔 −𝑚ℎ)𝑝1 +𝑚𝑔𝑝2 +𝑚ℎ𝑝3 (20) 
 

Similarly, Vr2 can be synthesized from three vectors p2, p3, p4: 
 

𝑉𝑟2 = 𝑝4 + (1 − 𝑚𝑔)(𝑝3 − 𝑝4) + (1 − 𝑚ℎ)(𝑝2 − 𝑝4)  

= (𝑚𝑔 +𝑚ℎ − 1)𝑝4 + (1 −𝑚𝑔)𝑝3 + (1 − 𝑚ℎ)𝑝2 (21) 
 

Step 3: the order of implementation of the optimal state vector in terms of the switches' switching times. 

 

 

3. SIMULATION RESULTS 

Tables 2 and 3 show the simulation parameters. Conducting a simulation on MATLAB/Simulink for 

5 s, the set speed gradually increases from 0 to the rated speed=592 (RMP) in the range of 0-1.5 s. It then 

gradually decreases, as shown in Figure 8, and the A phase voltage of the 7-level inverter is indicated in 

Figure 9. Controlling the motor speed levels based on the volume of people and traffic passing through the 

tunnel at different times of the day. During peak hours, the maximum rotation speed responds to the highest 

fan power, while at other times, the fan speed is controlled at lower speed levels. 
 
 

Table 2. Parameters of the exhaust fan motor 
Parameters Symbol Value Parameters Symbol Value 

Rated power PN 560 KW Resistance of rotor Rr 0.7217 Ω 

Rated voltage Un 6 kV Resistance of stator  Rs 0.7217 Ω 
Power factor cosφ 0.86 Rotor inductance Lr 0.427 H 

Rated speed  Nđm 592 rpm Stator inductance Ls 0.427H 

Pole pair p 10 Mutual inductance Lm 0.4129 H 

Rated current  In 91.636 A  Moment of inertia  J 32.8 kg.m2 

Rated torque  Mrated 9033 Nm    



                ISSN: 2302-9285 

Bulletin of Electr Eng & Inf, Vol. 14, No. 1, February 2025: 108-117 

114 

Table 3. Parameters of 7-level inverter 
Parameters Symbol Value 

DC-link voltage Vdc 1700 V 
DC side internal resistance per cell Rcell 0.01 Ω 

Capacitance per cell Ccell 2500 μF 

Carrier frequency f 50 Hz 
PWM pulse output frequency  fPWM 2000 Hz 

 

 

 
 

Figure 8. The speed response of induction motor 

 

 

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
-4000

-3000

-2000

-1000

0

1000

2000

3000

4000

Time [s]

V
o

lt
a

g
e
 [

V
]

 
 

Figure 9. The a phase voltage of 7-level inverter 

 

 

The total harmonic distortion (THD) of the load current, the voltage of the 7-level inverter with that 

of the 3-level one is demonstrated from Figures 10 to 13: the THD of the 7-level voltage is 2.55%, whereas 

the 3-level is 4.44%, the THD of the 7-level current is 0.42%, and the 3-level is 4.38%, which shows 

outstanding advantages of the 7-level inverter. 
 
 

 
 

Figure 10. THD of phase a load voltage of 7-level inverter, 2.55% 
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Figure 11. THD of phase a load voltage of 3-level inverter, 4.44% 
 

 

 
 

Figure 12. THD of phase a load current of 7-level inverter, 0.42% 
 

 

 
 

Figure 13. THD of phase a load current of 3-level inverter, 4.38% 
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4. CONCLUSION 

Road tunnel ventilation systems play a crucial role in bringing fresh air into the tunnel and expelling 

polluted air, ensuring the safety of people inside tunnels. However, the exhaust fan's motor's large capacity 

and high voltage can cause significant harmonic distortion of the load current and the voltage. Therefore, the 

authors have proposed a 7-level inverter to control the exhaust fan motor. The simulation results in the article 

have shown the outstanding advantages of the CHB 7-level inverter to control the exhaust fan drive system in 

the Thu Thiem road tunnel; namely, comparison results of THD responses of phase A load current and 

voltage when using 7-level inverter are better than 3-level inverter (THD of the voltage of 7-level is 2.55%, 

and the 3-level is 4.44%; THD of the current of 7-level is 0.42%, and 3-level is 4.38%). Furthermore, the 

article also proposes a solution for operating the exhaust fan at appropriate speed levels according to the 

traffic density in the tunnel. 
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