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Abstract 

Nowadays, due to high oil prices and global warming, the 

automotive industry is striving to develop automobiles with 

high fuel efficiency and EWGAs capable of controlling the 

valve opening degree are preferred. In this study, an electric 

waste gate actuator (EWGA) for a turbocharger, used to 

improve the performance of a vehicle powertrain system by 

applying a DC motor and planetary gear, was developed. To 

this end, to efficiently manage the turbocharger, the waste 

gate valve mounted on it was replaced with an EWGA from 

an on-off vacuum type valve. This EWGA has the advantage 

of regulating the amount of air introduced into the engine by 

controlling the amount of exhaust gas entering through the 

turbocharger using the valve lift of the actuator. 

The proposed EWGA was driven by the rotation of a DC 

motor and was designed to amplify the output torque of the 

motor by using a planetary gear with a high gear ratio of 40:1. 

For the planetary gear, the load was distributed inside the gear 

train, and a two-stage planetary gear was used, considering 

the stress and safety factor. Finally, an optimal EWGA 

prototype was manufactured and the feasibility of the 

proposed design was verified by evaluating the amount of 

current for both the 1st and 2nd tooth stages. 

Keywords: Electric Waste Gate, Actuator, Planetary Gear, 

Design, Turbocharger, Automotive. 

 

1. Introduction 

In today's era of high-priced oil and global warming, the importance of fuel efficiency is 

being emphasized frequently. Concrete steps are being taken to develop high fuel-efficiency 

vehicles, and these steps are legally regulated by governments in many countries (He et al., 

2012; Chen, 2015; Chen et al., 2015). In addition, research is being conducted on electronic 

control technology to protect the environment, reduce the emission of exhaust gases, and 
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increase the output of internal combustion engines (Baek, 2018; Lee and Baek, 2020; Baek 

and Lee, 2020; Kim, 2022).  

For the efficient control of the turbocharger, a waste gate valve type actuator has been 

developed. In the past, mechanical waste gate valves that simply opened and closed the valve 

using the vacuum pressure generated by the engine have been mainly used (Romagnoli and 

Martinez-Botas, 2011; Chiong et al., 2014; Ketata et al., 2020).  

The electric waste gate actuator serves to limit the charging pressure to a certain value with 

an increase in the engine rotation speed. In addition, the opening degree of the waste gate 

valve can be set arbitrarily, so that the required amount of boost pressure can always be 

generated in the turbocharger. Therefore, to reduce fuel consumption, there is an increasing 

trend in using electricity to control the position of the valve by changing the angle (Lujan et 

al., 2015; Dimitriou et al., 2017; Serrano et al., 2017).  

The design requirements of the electric waste gate actuator included an operating 

temperature of -40 to 150 °C. The actuator rotated 90° clockwise and  counterclockwise 

based on the output stage, and a large force was required to satisfy the final gear ratio of 40:1. 

Replacing the existing mechanical waste gate valve resulted in many space constraints. 

Particularly, reducing the volume and weight of the actuator to match the trend of weight 

reduction and miniaturization was imperative to replacing the valve. Additionally, to obtain 

high mechanical strength and output torque, various gear train methods have been proposed 

(Xu et al., 2018; Pardhiv and Srinivas, 2019; Sedak and Rosić, 2021).  

The currently used EWGA structure in the industry has a multi-stage configuration of a 

general spur gear type and has economical disadvantages due to its large volume and weight. 

Therefore, this study proposes a structure that can produce high torque in a limited space by 

applying a two-stage planetary gear using the generally used planetary method. The proposed 

method is advantageous in that the use of two-stage planetary gears increases the gear ratio in 

the same volume and reduces the mechanical stress by distributing the load within the gear 

train. To verify the performance of the proposed structure, gear specifications were calculated 

and selected according to the application conditions using a gear specialized design program, 

and an optimal design was developed based on the analysis results. Finally, a prototype for 

verifying the tooth shape of the two-stage planetary gear was manufactured and assembled 

with a DC motor to realize the EWGA. The amount of current for the 1st and 2nd tooth 

stages of the planetary gear was evaluated to experimentally verify whether the current load 

amount of each planetary gear met the specified design conditions. 

 

2. EWGA 

EWGA has a structure that uses an electric motor rather than a conventional waste gate valve 

(mechanical) type to adjust the opening and closing of the valve. Therefore, it is possible to 

open and close each position, overcoming the disadvantage of the conventional mechanical 

type. In addition, improving the responsiveness of the structure at a low RPM provides more 

precise control than the existing mechanical type does. 

 

2.1. Structure of EWGA 

Figure 1 shows the structure of EWGA, which includes a DC motor, motor housing, and the 
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1st and 2nd stage planet gears and carriers. Figure 2 shows the assembly of the EWGA, 

composed of the DC motor and planetary gear. It is a type wherein the torque of the motor is 

taken as an input and the amplified output torque is generated from the link device through 

the gear train. 

 

 
Fig. 1: Structure of the EWGA 

 

 
Fig. 2: Assembly of the EWGA 

 

2.2. Characteristics of planetary gears 

A planetary gear refers to a gear train that is based on a structure that rotates by supporting 

the planet gear around the sun gear with a carrier. A planetary gear is generally called a 

planetary device because its structure is similar to that of the solar system that combines 

rotation and orbital motion around the sun. It is also called an epicyclic gear, referring to the 

curve drawn by a point of the planetary gear that rotates and revolves around the sun gear. 

The planetary gear structure is spatially advantageous because the input and output shafts can 

be concentric. Therefore, the efficiency is increased because the friction loss is small due to 

the decrease in the transmission load and speed that each gear is responsible for. Planetary 

gears have a very high power transmission ratio per unit volume, so they can transmit several 

times more power than general gear reducers of the same size. Therefore, in this study, a 

structure wherein the final gear ratio is outputted as the product of the gear ratios in the first 

and second stages is proposed, and diagram of this two-stage planetary gear is shown in Fig. 

3. 
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Fig. 3: Diagram of two-stage planetary gear 

 

3. Design of EWGA planetary gear 

EWGA requires precise control for maintaining flow control and high torque and providing 

quick responses to optimize the efficiency of the turbocharger system. Table 1 shows the 

EWGA requirements. In this study, we aim for a compact and lightweight design that 

satisfied these requirements. Therefore, we used the two-stage planetary gear structure in 

designing the structure of the gear train; the gear design process that was performed is shown 

in Fig. 4. 

 

Table 1: Requirements of the EWGA 

Items Descriptions 

Operating voltage 9~16 V 

Current Less than 1 A 

Maximum driving force More than 150 N 

On/off response Less than 150 ms 

Operating temperature -40℃ ~ +150 ℃ (Ambient) 
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Fig. 4: The process of gear design 

 

Each item in the design can be fine-sized and prioritized, considering the range of the gear 

ratio and tooth thickness to be obtained within the limited design space. The ISO/DIN 

standard has specified pressure angles of 14.5 and 20°; recently, 20° was specified. For heavy 

gears that require high strength, a larger pressure angle is usually used. In this study, the 

model was constructed by selecting the initial selection factors for gear design based on the 

module, engagement rate, and pressure angle. In Fig. 5, based on the pressure angle for each 

color, the X-axis represents the contact ratio and the Y-axis represents the normal module 

value. The model was selected to have a high contact ratio for the normal module to satisfy 

the specified conditions and to support parameter modifications for maintaining a small-size 

and lightweight design. 

 

 
Fig. 5: Distribution of the pressure angle characteristics according to the contact ratio 

and module values 
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In this study, the following were considered when selecting the number of teeth in a planetary 

gear: 1) center distance, 2) gear sequential contact, 3) equal spacing, and 4) interference 

prevention. 

First, the center distance condition is shown in Fig. 6. The relationship of Zp=(Zr-Zs)/2 can be 

derived for the standard gear. In the case of a potential gear, Zp=(Zr-Zs-n)/2, n=1,2,3 can be 

selected, 

where Zr is number of teeth of the ring gear, Zs is number of teeth of the sun gear, Zp is 

number of teeth of the planetary gear, Np is the number of the planetary gears, and m is the 

module. 

 
Fig. 6: Calculation of center distance 

 

Second, gear sequential contact is advantageous when gears rotate in a sequentially meshed 

form. For example, if there is a sun gear with 5 teeth and a planetary gear with 10 teeth with a 

gear ratio of 2:1, only 2 specific teeth out of 10 are continuously meshed and rotated. 

However, in this case, uneven wear of the gear may occur, resulting in power transmission 

and noise. For the gears to contact sequentially, the ratios Zp/Zs and Zr/Zp should not become 

integers. 

Third, to attain equally spaced arrangement, the number of teeth of the planetary gear should 

exist at regular intervals around the sun gear. For this, (Zs+Zr)/Np needs to have an integer 

value. For example, if Np=3, planetary gears can be arranged at an equal spacing of 120°. 

The fourth is the interference prevention condition, which is shown in Fig. 7. The planetary 

gear should not be large enough to interfere with the other neighboring gears. Interference 

does not occur when the center distance between the planetary gears is always larger than 

their outer diameter. Fig. 8 shows the numbers of the teeth selected for the planetary gear of 

the EWGA. 
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Fig. 7: Calculation of interference prevention 

 

 
Fig. 8: Result of selection of number of teeth of planetary gear for EWGA 

 

Table 2 shows the total contact ratio of the two-stage planetary gear designed according 

to the gear design process. 

Table 2: Total contact ratio 

Items 1
st
 stage 2

nd
 stage 

Sun-planet 1.32 1.21 

Planet-ring 1.80 1.30 

 

To check the fatigue distribution in each stage, the sun gear and planetary gear were selected 

and the fatigue distribution was analyzed. As shown in Fig. 9, the inter-tooth stress at the 

tooth end was designed so that the involute curve did not intersect the tooth end. For the 

planetary gears used in this study, the 2nd stage gear showed higher stress values than the 1st 

stage gear did. As the gear ratio increased, the driving force appeared higher. As there were 

multiple stages, the driving force increased and the load was high. 
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Fig. 9: Load distribution analysis of planetary gear teeth 

 

Finally, the safety factor for the tensile strength was the value obtained by dividing the 

maximum bending stress by the allowable bending stress. The calculated values of the safety 

factor for the tooth strength of the 1st and 2nd stages are shown in Table 3. The safety factor 

of the gear was higher than that of the general spur gear, and it was verified that it had a good 

tooth strength design. 

 

Table 3: Safety factors for the gears based on tooth strength 

Items Sun Planet Ring 

1
st
 stage 158.79 15.49 34.81 

2
nd

 stage 36.39 5.03 6.11 

 

In addition, since three planetary gears were used in both the 1st and 2nd stages of the 

proposed tooth structure, the load was divided into three directions. Table 4 shows the load 

distribution ratio per the number of planetary gears. 

 

Table 4: Load distribution ratios of planetary gears 

Number of planetary gears 2 3 4 5 

Load distribution ratio 0.58 0.41 0.38 0.27 

4. Prototype production and experimental evaluation 

To verify the optimality of the design in this study, a system driven by a DC motor was 

constructed by manufacturing a gear tooth type. Figure 10 shows a model extracted with a 3D 

CAD program based on the designed tooth type. 
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Fig. 10: 3D modeling for EWGA prototype 

 

Prototypes were manufactured by using only the 1
st
 stage and 2

nd
 stage gear teeth. Since it 

was structurally difficult to measure the torque directly, a test was performed to compare the 

torque by applying power to the DC motor and measuring the current load. The 1
st
 and 2

nd
 

stages were first operated separately and then operated simultaneously. The test composition 

of the prototype is as follows: 1) Only DC motor, 2) DC motor + 1 planetary gear, 3) DC 

motor + 2 planetary gears, 

4) DC motor + 3 planetary gears, and 5) DC motor + 3 planetary gears + constraint condition 

(carrier). 

Figure 11 shows the prototype of the EWGA used for the test along with the test environment. 

Figure 12 shows the current load for each EWGA prototype. A difference in the current load 

occurred when the free end was operated and there was a carrier on the planetary gear.  

 

 
Fig. 11: Prototype of EWGA used for the test and the test environment 
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Fig. 12: Current load for each EWGA prototype 

 

The measured currents for each EWGA prototype configuration are shown in Table 5. The 

difference in the values of the current loads according to the forward and reverse rotation 

conditions of the DC motor was assumed to be due to the difference in the loads in each 

open/close mode used for controlling the opening degree of the EWGA valve. The hole 

tolerance of each planetary gear and the shaft tolerance of the carrier had a large effect on the 

current loads. The mechanical operability of the EWGA was found satisfactory, considering 

the material composition of the gear. 

 

Table 5: Current load of DC motor according to E-WGA prototype configuration 

Items 

(motor 

direction) 

DC 

motor 

Planet 

(1EA) 

Planet 

(2EA) 

Planet 

(3EA) 

Planet 

(3EA) 

+Carrie

r 

Unit 

1st stage 

only 

(CW) 

220 235 285 300 700 mA 

1st stage 

only 

(CCW) 

245 255 290 350 800 mA 

2nd stage 

only 

(CW) 

210 255 385 390 710 mA 

2nd stage 

only 

(CCW) 

230 265 390 400 720 mA 

1st & 2nd 

stage 

670 660 670 730 860 mA 
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(CW) 

1st & 2nd 

stage 

(CCW) 

690 660 670 750 930 mA 

 

Through the current measurement experiment, it was possible to indirectly confirm the 

current characteristics consumed by the DC motor. It was confirmed that the DC motor 

current consumption of the EWGA applied with the planetary gear mentioned in the design 

target specification satisfied the condition of consuming only a current of 1A or less. 

Therefore, it was proved that applying the EWGA using the planetary difference of the 

method proposed in this study was possible. Additionally, the proposed EWGA can also be 

installed in an actual vehicle and verified under driving conditions wherein the turbocharger 

operates. 

 

5. Conclusion 

In this study, a planetary gear, one of the gear structures, was used and a two-stage planetary 

gear combined with two planetary gears was proposed to increase torque. As the load 

increased, the applicability of E-WGA was confirmed through a study to check the 

characteristics by applying a large module to the second gear and to perform an optimal 

design. In addition, the operability of the tooth type was confirmed by making an actual 

prototype. In this study, static calculation was applied. As a result of the test, the proposed 

EWGA driven by a dc motor satisfies the design requirements. In the future, it is considered 

that it is necessary to study the optimal tooth shape design by applying the material data 

considering the lifetime. Additionally, by changing the material of the planetary gear and the 

ring gear to a reinforced plastic material for vehicles, the optimal design is planned in 

consideration of the weight reduction of the EWGA. 
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