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The motion of sea waves can be converted into electrical energy using a three-phase 
linear generator. This paper investigates the electromechanical characteristics of two 
types of the three-phase linear generator, namely TPLG-6 and TPLG-18. The 
electromechanical characteristics such as power, efficiency, torque, d-q axis 
synchronous inductance, saliency ratio and current are investigated. MATLAB Simulink 
is used for the simulation. In this study, the d-q synchronous inductance is calculated to 
investigate the effects of d-q synchronous inductance on the permanent magnet. The 
Maximum Torque Per Ampere (MTPA) is plotted to determine the torque required to 
generate the maximum d-q current. The saliency ratio will also be investigated by 
comparing the d-q synchronous inductance for TPLG-6 and TPLG-18. 
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1. Introduction 
 

A linear generator is an electromechanical device that generates electricity using sea wave 
energy. The linear generator is lighter and more compact because there is no rotating part. Unlike 
rotating generators that rotate, the linear generator moves in a linear motion so that when it hits an 
endpoint, it stops and moves in the opposite direction. The two essential parts of a linear generator 
are the stator and the translator. The stator consists of three-phase windings and a nonlinear 
magnetic core, while the translator consists of a shaft with permanent magnets, each separated by 
nonlinear magnetic materials [1,2,14]. This study investigates the electromechanical characteristics 
of two types of three-phase linear generators, the TPLG-6 and the TPLG-18. The TPLG-6 and the TPLG-
18 consist of 6 and 18 slots, respectively [7]. 

In recent years, there has been significant growth in electrical generation worldwide, which is 
anticipated to persist. Therefore, developing an energy-efficient generator has been a major task for 
engineers and researchers. Moreover, higher efficiency has been proven to reduce electricity 
consumption [3,18,20]. Conventional energy sources mainly contribute the electricity generation in 
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Malaysia. Although conventional energy sources can produce a significant amount of energy, they 
cause significant harm to the environment, especially greenhouse gas emissions and other 
disadvantages, such as health problems for humans and animals [19]. As our country still generates 
electricity by burning fuel and gas, Malaysia is estimated to release 285.73 million tons of CO2 by 
2020, an increase of 68.86% from the amount of CO2 emitted in 2000 [4,5,17]. 

Besides the environmental impacts, high operating and maintenance costs are also the 
compelling reason for shifting to unconventional energy sources such as sea waves. Linear generator 
with radial permanent magnets is a well-known sea wave energy converting device, providing high 
linear force and efficiency [5]. In order to extract this massive sea waves energy, various Wave Energy 
Converter (WEC) devices have been proposed, such as Archimedes Wave Swing (AWS), LIMPET, 
Pelamis, Wave Dragon and Electroactive Polymer Artificial Muscles (EPAM) [6,7,10,11,16]. However, 
most of these devices were offshore, leading to high maintenance costs. On top of that, these devices 
have low efficiency since they use hydraulic systems and turbines as their Power-Take-Off [15]. The 
linear movement of the generator has a significant problem known as a cogging force when it stops 
at an endpoint. In this study, the efficiency of three-phase linear generators are to be investigated. 

 
2. Park's Transformation  

 
The TPLG can be placed in the d-q frame by applying the park transformation. The park's 

transformation is computed by multiplying the ABC or αβ components with a matrix set that converts 
time-varying elements into time-invariant elements. The d-q reference is useful to denote the direct 
axis aligned with the direction of magnetic flux, Ψm or Ψf, as shown in Figure 1; meanwhile, the q-axis 
bisects the part of the PMs at the translator [12].  

 

 
Fig. 1. Direct Quadrature Frame of a Linear 
Generator 

 
The current induced in the q direction in the d-q reference would create a magnetomotive force 

known as the torque current, LQ. The current in the d direction is known as the field current, Id. 
Positive Id current helps magnet flux to create more magnetic flux, but it is important to avoid 
exceeding the saturation point of iron. Negative Id currents decrease the magnet flux, weakening the 
magnetic field. Saliency occurs in the PMs Machine when the stator current reaches the preferred 
magnetic direction [8]. 

 The stator inductance is not a function of translator position and was kept constant as calculated 
by injecting rated currents of about 43.44 A and 21.28 A for TPLG-18 and TPLG-6, respectively [7,9]. 
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The stator voltage was calculated as a function of stator resistance, current, and rate of change of 
magnetic flux using Eq. (1). 
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The Eq. (2) and Eq. (3) are used to transform the ABC values to d-q values [13].  
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The flux linkage, in terms of d-q, is computed using Eq. (4) and Eq. (5). 
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The d-q synchronous inductances are computed using Eq. (6) and Eq. (7). 
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The electromagnetic torque developed is calculated by Eq. (8). 
 

𝑇𝑚𝑎𝑔𝑛𝑒𝑡𝑖𝑐 =
3𝑝

2
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3. D-Q Simulation 

 
Figure 2 shows the overall simulation process according to the equations.  
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Fig. 2. Overall simulation flow 

 
MATLAB Simulink is used for the d-q simulation, as shown in Figure 3. The simulation starts with 

an input of ideal sinusoidal voltage and current waveforms to be converted into d-q values. These d-
q currents, id and iq are then used to compute the flux linkage of the d and q axes, respectively. From 
the average flux linkage, in d-q axes, the d-q synchronous inductance is computed using Eq. (6) and 
Eq. (7). Finally, the electromagnetic torque is computed as a function of d-q synchronous inductance, 
current, power and d-axis flux linkage as in Eq. (8). 
 

 
Fig. 3. Simulation of d-q block 

 
The generator is expected to deliver three ideal sinusoidal input voltages as it performs under 

dynamic conditions. The output voltage of TPLG-6 and TPLG-18 are 162V and 512.2V, respectively. 
Similarly, for output current for the dynamic condition [7,9]. Figure 4 depicts the ideal sinusoidal 
input current. 
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Fig. 4. Ideal sinusoidal input current 

 
A similar block is used to model the Eq. (8) for electromagnetic torque. Figure 5 shows the flux 

distribution modelling. 
 

 
Fig. 5. Flux distribution modelling 

   
4. Results and Discussions 
4.1 ABC to D-Q Conversion 

 
Figure 6 and 7 show the converted d-q voltage and current waveforms of TPLG-6. The d-q voltage 

is about 162 V and d-q current is 7.6 A. 
 

 
Fig. 6. D-axis voltage for TPLG-6 
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Fig. 7. D-axis current for TPLG-6 

 
Table 1 shows the complete voltage and current results in terms of d-q axes for TPLG-6 and TPLG-

18, respectively. 
 

 Table 1 
 D-Q current and voltage 
Topologies Parameters d q 

TPLG-6 Voltage, Vmax 162 5.14 x 10-4 
Current, Imax, A 7.6 2 

TPLG-18 Voltage, Vmax 512 17 x 10-4 
Current, Imax, A 28.6 7.7 

 
4.2 Effect of Ld and Lq Synchronous Inductance on Permanent Magnet, (NdFeb) by Varying id and iq 
Current 

 
Synchronous reactance is one of the stator components that can be studied in the following 

Figure 8 and 9, where the effect of synchronous inductance Ld and Lq on the permanent magnet as 
a translator is explained by varying the d-q current for TPLG-6. When the current in the d-axis 
increases, the inductance in the d-axis decreases exponentially. The q-axis inductance is similar to 
the d-axis but changes during the negative cycle. The flux follows the path of the d-q synchronous 
inductance profile and then travels through the translator corresponding to the magnetic pole. As 
the d-axis is drawn between the slots, it is known as the magnetising component, and the q-axis is 
the torque-producing component. The inductance in the d-axis is due to the flux passing between 
the slots, and the q-axis inductance is due to the flux passing through the translator. 

Unlike asynchronous machines, flux linkage in permanent magnet machines has a lesser tendency 
to increase. That is one of the reasons that the q-axis, which travels through the permanent magnet 
translator, has a very small inductance value. Meanwhile, in the d-axis, the inductance is much 
greater than in the q-axis because it does not pass through the permanent magnets. Thus, the more 
permeable path between copper slots produces higher inductance. 
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Fig. 8. D-axis Inductance for TPLG-6 

 

 
Fig. 9. Q-axis Inductance for TPLG-6 

 
Table 2 shows the tabulated d-q inductance results that vary according to the varying d-q current. 

 
Table 2 
Current and inductance in d-q 
TPLG-6 d axis current, A d axis inductance, H q axis current, A q axis inductance, H 

0.806287 7.94 -5.59653 -5.83845 
2.208867 2.90 -4.51632 -1.96553 
3.823184 1.67 -3.04666 -1.19998 
5.394372 1.19 -1.4196 -0.91427 
6.674376 0.959 0.108008 -0.80068 
7.461112 0.858 1.294973 -0.78473 
7.63037 0.839 1.953903 -0.85767 

TPLG-18 0.509195 48 -3.09169 -5.88 

3.032095 8.06 -9.18362 -1.98 

8.306584 2.94 -15.0425 -1.21 

14.37732 1.70 -19.7434 -0.921 

20.28588 1.20 -22.5441 -0.806 

25.09941 0.973 -23.0025 -0.790 

28.05798 0.871 -21.0461 -0.864 
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4.3 D-Q Power and Torque 
 
Figure 10 and 11 show the output power waveforms of TPLG-6 and TPLG-18, respectively. The 

power is calculated for both d- and q-axis voltage and current.  
 

 
Fig. 10. Power for d-q Analysis, TPLG-6 

 
The resulting output power appears to be distorted.       
  

 
Fig. 11. Power for d-q Analysis, TPLG-18 

 
Figure 12 and 13 depict the electromagnetic torque developed at the d-q frame for TPLG-6 and 

TPLG-18, respectively.  
 

 
Fig. 12. Electromagnetic torque developed at d-q frame for TPLG-6 



Journal of Advanced Research in Applied Sciences and Engineering Technology 

Volume 32, Issue 3 (2023) 228-240 

236 
 

As illustrated in these figures, the torque waveforms are distorted. When the current increases, 
the speed increases accordingly. Therefore, the electromagnetic torque tends to drop. 

 

 
Fig. 13. Electromagnetic torque developed at d-q frame for TPLG-18 

 
Table 3 presents the output power and torque developed for both TPLG topologies. 

 
Table 3 
Output power and torque developed 
Topologies Power,kW Torquemax, Nm 

TPLG-6 1.5 35 
TPLG-18 18 187 

 
4.4 Maximum Torque Per Ampere 

 
The maximum Torque Per Ampere (MTPA) strategy has been implemented to study the level of 

torque needed for the generator to produce the maximum d-q currents at the dynamic condition. 
The method can reduce copper losses and improve efficiency. Graphs are plotted to find the 
maximum torque based on the maximum current. Figure 14 to 17 demonstrate both generators' 
torque behaviour as a function of d-axis and q-axis currents. It can be observed that the torque output 
increases steadily with the increment of the D-axis current up until a certain threshold. However, 
TPLG 18 consistently outperforms TPLG 6, indicating its ability to deliver higher torque levels.  

 

 
Fig. 14. Electromagnetic torque against d-axis current for TPLG-6 
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Fig. 15. Electromagnetic torque against q-axis current for TPLG-6 

 

 
Fig. 16. Electromagnetic torque against the d-axis current for 
TPLG-18 

 

 
Fig. 17. Electromagnetic torque against q-axis current for TPLG-18 

 
4.5 Saliency Ratio of Ld/Lq 

 
Saliency is a level of quality when one parameter is relative to another. In this research, the 

saliency ratio explains the relationship between d-axis inductance and q-axis inductance. This ratio 
changes to the translator position, and maximum saliency occurs at 90 degrees of the current angle 
referring to the d-axis. In the salience plot against the current in both axes, id and iq show the ratio 
increases at the beginning and drops slowly as the current increases for TPLG-6 and a quick drop in 
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the ratio can be seen in the TPLG-18 ratio plot. Comparing the TPLG-6 to the TPLG-18 using a steady 
ratio plot reveals that the former exhibits better efficiency due to the improved performance of the 
permanent magnet synchronous machine caused by saliency. These are illustrated in Figure 18 and 
19. 

 

 
Fig. 18. Saliency ratio vs id, iq for TPLG-6 

 

 
Fig. 19. Saliency ratio vs id, iq for TPLG-18 

 
Table 4 shows the complete output of the d-q simulation when both topologies moved with a 

velocity of 1 ms-1. 
 

Table 4 
Simulation results for d-q analysis for both 
topologies 
Parameters Unit TPLG-6 TPLG-18 

Average torque Nm 22 35 
Peak torque Nm 35.8912 178.1766 
Peak current Amps 7.6 28.6 
Base velocity ms-1 1 1 
Average λ D Web-t 6.5 24.4 
Average λ Q Web-t 4.7 18.2 
Average λ Ld H 1.19 1.7 
Average λ Lq H 0.91 0.92 
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5. Conclusions 
 
Direct quadrature analysis is a crucial procedure in machine design. Investigating the machine 

parameters in a d-q frame produces more significant results and reveals the capacity of the machine 
and the need for further optimisation. This research has been carried out to investigate the d-q 
components of two topologies, namely, TPLG-6 and TPLG-18, with different design specifications but 
similar materials and working principles. Instead of neglecting the q-axis to have only one dc signal, 
q axis is included in the research since it is the torque-producing component. Since the topologies 
are permanent magnet synchronous machines, the rotor components need to be addressed when 
transforming. The ABC to DQ transformation values for both machines are almost similar to those 
recorded at a dynamic performance in previous research. Due to the absence of filters, great 
distortions are found in the resulting waveforms, which are alternating with time. The d-q inductance 
varies with the current where an exponential drop can be seen, which is ordinary for the d-axis 
inductance. Still, it has to be slightly steady for the q-axis inductance because it is a torque-producing 
component. The better the d-q synchronous inductance, the easier to design control systems to 
improve power factor and efficiency. The d-axis exhibits higher inductance because it is positioned 
between the slots, whereas the q-axis has lower inductance. A closer alignment between the values 
of Ld and Lq leads to optimal output. A greater torque is recorded to achieve maximum current in 
dynamic conditions due to the significant difference in Ld and Lq. The saliency ratio, on the other 
hand, is greater for TPLG-6 than TPLG-18. It can be concluded that TPLG-6 has greater efficiency, and 
TPLG-18 needs to be optimised in terms of its design specifications. 
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