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Abstract – This paper is concerned with the modeling of motor loads in induction motors in response to the inability of general dynamic load models (GDLM) in their current form to capture the characteristics of induction motors. In order to fully analyze the response of induction motors to the inductive and mechanical loads to which they are subjected in industry, a simple mechanical load model is developed along with the inductive load. The aim of the study is to realize a cheaper mechanical load design by avoiding the high cost of inductive loads required to load the motor as the motor power increases. In addition, despite the GDLM, the proposed induction motor load models are developed to capture the dynamics represented by the proposed induction motor load models. The suitability of the proposed dynamic load model for analyzing the transient and steady state stability of induction motor loads is evaluated. With this load model, the importance of load analysis is demonstrated by revealing the rate of change of induction motor parameters with load.
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Introduction
According to a global energy assessment by the International Energy Agency (IEA), electric motor driven systems (EMDS) are responsible for 53% of the world's electricity consumption[1]. In the EMDS sector, 77% of electrical energy consumption is consumed by medium sized motors with power ratings below 375 kW. 80% of the medium-sized motors used are induction motors (IMs). The widespread use of IMs makes them an ideal candidate for energy efficiency improvements.
Among electric motors, squirrel-cage induction motors (SCIMs) are the most widely used motors in industry due to their simple and robust structure, low maintenance requirements, low failure rates, low cost and high efficiency. Asynchronous motors are widely preferred in industrial applications due to the fact that their speed changes very little under load and with direct mains voltage.
Nowadays, driving techniques, controllability, efficiency, behavior under all kinds of load and operating conditions are very important for induction motors widely used in industrial applications. In recent years, the voltage stability problem has been an important research topic. Voltage stability analysis requires accurate modeling of power system components, especially voltage regulators and loads. Studies have shown that the voltage dependence of loads is an important factor in voltage instability [1]. Most studies use nonlinear static models where active and reactive power are expressed as a function of voltage [2,3], while a limited number of studies use dynamic load models to investigate the dynamics associated with voltage stability [4]. Inaccurate modeling of loads has been a problem worldwide, causing blackouts [5]. Today, load modeling is usually performed using field measurements. This is still valid for slow dynamic loads.  The goal is to make the load dynamics dominant by eliminating fast system transitions over a long period of time. The field measurements used include the full range of top-down load conditions, from heavy-duty industrial applications to residential loads. For such loads, first-order general dynamic load models (GDLM) are used to model their real power as well as their reactive power recovery characteristics [6,7]. However, this modeling approach assumes that the real power dynamics of the load are independent of the reactive power dynamics. Thus, it has been observed that the general dynamic load model is insufficient to explain the loads under different operating conditions of the induction motor [8,9]. 
This paper shows that the GDLM, which has been proposed in the literature to fully analyze the response of induction motors to inductive and mechanical loads that they are exposed to in industry, is insufficient to capture the characteristics of induction motors in their current form.  For this purpose, a 4 and 5.5 kW motor was loaded with generators and inductive loads as well as with a mechanical load design of our own design. In this way, as the power of the motors increases, a simple load model has been created, avoiding the cost of the high power generators required to load them.


Materials and Method
In order to fully analyze the response of induction motors to the inductive and mechanical loads to which they are subjected in industry, an experimental setup and mechanical load design have been implemented. As motor power increases, the generators required to load the motor become more powerful, increasing cost. In addition, the load efficiency of generators varies according to their operating ranges. For example, if they are operated at less than the number of revolutions per minute that they should normally rotate, they have low efficiency and cannot load the motor sufficiently. We know that motors used in industrial applications also need to run at different speeds depending on the application. Therefore, their performance under load at high or low speeds must be accurately and completely analyzed. For these reasons, when loading an induction motor, we can overcome the disadvantage caused by the poor performance of the generator at low speeds by using the mechanical load as an auxiliary instead of using the generator alone.
The aim is that the designed load model can be used in any engine and is simple and inexpensive. The experimental setup of the engines is designed as shown in Figure 1. 
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Figure 1. Experiment Connection Scheme.

By design, the induction motor is connected to the network via a continuous-time speed controller. It drives the motor with the data it receives from the motor (temperature, rotor speed) and the data it receives from the network (current, voltage, frequency, cosφ, etc.). In addition, the Siemens S7-1200 PLC uses this data to calculate other motor output parameters. Changes in these data can also be displayed immediately with a Siemens operator panel. With the computer, the measured and calculated parameters can be recorded throughout the experiment. 
Elektrical Load
Compact generators are used as electrical load in the designed loads. The induction motors are electrically loaded by compact DC generators. Figure 2 shows the mechanical connection diagrams of the compact generators to the motors. 
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Figure 2. (a) Mechanical connection of an induction motor with a DC motor (b) Perspective view of the mechanical connection (c) Experimental connection application picture.

The electrical connection diagram for self-excited compact generators is shown in Figure 3. These generators are externally excited by a DC variac, and the energy generated by the generators as a result of the rotation of the motors must be spent on a load. This allows us to load the motor electrically.

[image: diyagram, çizgi, metin, yazı tipi içeren bir resim

Açıklama otomatik olarak oluşturuldu]
Figure 3 Electrical Connection of Generator, Variac and Load

The dynamo is loaded with a regulated DC variac and the motors are loaded at 100%, 75%, 50%, and 25% load ratios according to the current drawn by the motor. The motor and alternator nameplate data used in the study are shown in Table 1.





Table 1. Engine and compunt generator nameplate data
	Values of Engines
	4kW
	5,5kW
	
	Tag Values of Compunt Generator
	1,5kW
	2,2kW

	Smb
	Commentary
	Value
	Value
	
	Smb
	Commentary
	Value
	Value

	V
	Nominal Voltage
	400 V
	400 V
	
	P
	Power
	1,5 kW
	2,2 kW

	I
	Nominal Current
	8,2A
	10,8
	
	V
	Nominal Voltage
	200 V
	200 V

	φ
	Power Factor
	0,81
	0,84
	
	I
	Nominal Current
	7,5 A
	 15 A

	rpm
	Revolutions per minute
	1450
	1455
	
	

	2P
	Number of dual poles
	4
	4
	
	

	Rs
	Stator resistance
	5,67Ω
	8Ω
	
	

	Terminal connection
	Δ (Delta)
	Δ (Delta)
	
	


Mechanical Load
Compound generators provide the highest efficiency in their operating speed ranges. At different speeds, it is difficult to provide the desired power and load to the motors. For this purpose, we have designed a mechanical load. The parts of the mechanical load are shown in Figure 4-a.
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(a)                                                                     (b)                                                                      (c)
Figure 4. (a) Designed mechanical load components (b) Mechanical parts assembled and connected to the rotor (c) Connection of the mechanical brake disc to the pad tightening leg.
As shown in Figure 4-a, a cast disk with a diameter of 220 mm and a wall thickness of 60 mm was designed. The diameter of this disc was determined based on the motor size and the analysis result. The disk is surrounded by a lining riveted to a flexible 2mm sheet metal. In order to prevent this pad from loosening from the disk due to vibration during operation, 2mm circular plates were screwed on both sides of the disk. This prevents the pulley from slipping from side to side while the engine is running. In order to adjust the tightening ratio of the pad that wraps around the pulley, a 5mm thick metal foot was designed. This foot is fixed to the engine table and we are able to tighten the pad with the screws mounted on the end of the plate. Figure 4-c shows the connection of the disk to the pad tightening foot.
The amount of tightening can be adjusted with the screws on the connection foot. After the pad is tightened to a certain degree, the exact amount of load we want to apply to the motor can be precisely adjusted with the DC variac we apply to the AC generator. The actual mechanical load connection diagrams are shown in Figure 5.
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Figure 5. (a) Mechanical load disk connected to the induction motor shaft (b) Mechanical load creation with disk and lining (c) Mechanical connection of the motor to the experimental set.

Considering the size of the engine, the disc diameter was selected to be 220 mm and the width to be 60 mm. By selecting the disc as large as possible, it was planned to increase the friction surface, thus achieving more braking with less compression force.
The designed mechanical system was analyzed using the SOLIDWORK simulation program. This makes it possible to determine the effects of a mechanical change (stress and strain) on the system and the different wear zones to which the pad is exposed. The adequacy of the mechanical load on the system was demonstrated, with the intervention of possible errors in advance. In the simulation process, a structural analysis was performed and a homogeneous mesh distribution was made, taking into account the geometric difference on the structure. Temperature loads were included in the analysis and 298 Kelvin was set as the zero stress temperature. The mesh structure created with small parts to obtain reliable results in the analysis of the system is shown in Figure 6-a.
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Figure 6. (a) Mesh model (b) Load model.
As the material property of mechanical load, AISI1020 carbon steel was selected. The mechanical properties are yield strength: 3.51571e+08 N/m^2, tensile strength: 4.20507e+08 N/m^2, Young's modulus: 2e+11 N/m^2, Poisson's ratio: 0.29, coefficient of thermal expansion: 1.5e-05 /Kelvin. The loading model and the loading cases analyzed according to these properties are shown in Figure 6-b. As the maximum force to which the mechanical load will be subjected, we operated the 5.5 kW motor at 1500 rpm rotor speed under full load. Thus, we know that a design that can withstand this force can also withstand all other load rates and speeds. From the data obtained as a result of the experiment, it was found that 33 Nm of power was generated as an average of the torque. In the analysis program, the results of the analysis data given by the mechanical load were evaluated by passing through this torque ratio.
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Figure 7. Mechanical stress analysis results (a) Stress (b) Displacement (c) Strain.

According to the analysis results, the maximum von Mises value of 1,202e+08N/m^2 was observed as a result of the tensile test of the mechanical load design in Figure 7-a. Considering the yield strength of the system of 3,516e+08N/m^2, it is 3 times of the structure, which shows us that the system is reliable.  Figure 7-b shows the effective area and the ratio of force to mechanical load with color distribution and values. While the area exposed to the most force is shown in red, the area exposed to slightly less force is shown in yellow, and the area exposed to the least force is shown in blue. Figure 7-c shows the strain analysis of the design. While the equivalent strain shows maximum strength at 4,996 e-04, the designed load system is below 9,992 e-05 with a blue color code. This shows us how the average strain in the material changes depending on the amount of stress applied in one-way tensile or compression tests and is quite small. The structural analysis evaluation supports that the system is mechanically reliable.
Results and dıscussıons
This paper shows how we can solve the problems we face when loading induction motors with a low cost load model. It is seen that the load model GDLM proposed in the literature is insufficient to capture the induction motor characteristics in its current form. Therefore, GDLM needs to be improved to capture the dynamics of small induction motors (SIM load model). For this reason, a load model is emphasized to load both low power induction motors and high power induction motors.
In the experimental setup, a device was set up to load the induction motor both electrically and mechanically. The alternators used for electrical loading of induction motors are highly efficient and can provide full load at full speed. At lower speeds their loading capacity drops considerably. For this reason, especially as the motor power increases, it will not be able to load at low speeds, even if the same power is connected to the alternator. For example, while a 5.5kW alternator can load a 5.5kW engine to 100% at 1500rpm, it can only load a 375-750rpm engine to 50% at most. In addition, as these generators heat up, their load capacity decreases. Therefore, load efficiency cannot be maintained at the same level of power throughout an experiment. The widespread use of induction motors in industrial applications requires them to operate at any speed and under any load. This situation requires their operating characteristics at  different speeds and loads to be fully analysed and driven in the light of these data. In order to overcome this problem, a mechanical load design has been realised in the experimental setup we have prepared to determine the motor parameters and behaviour. The mechanical load we have created is the deceleration of the engine shaft with a lining system. In this way, we were able to load the engine with the mechanical load at a certain rate, while at the same time we were able to realise the precise load adjustment with the alternators at low and high speeds without any problems. The designed mechanical load made it possible to load the alternator with the same power as the engine at low speeds as the engine power increased.
The mechanical load was analysed, designed and simulated based on the 33 Nm torque obtained with a 5.5kW motor at full load and speed. In all the analyses obtained from the simulation, the stress, displacement and strain ratios of the design were low or resistant. Their images and strength ratios are shown in Figure 7(a-b-c). In addition, the force in X-Y-Z directions to which the mechanical load is subjected in the analysis is calculated and shown in Table 1.
 As a result, a load model has been developed to load motors with different loads at different speeds and loads. The developed load model is cost effective, easy to install and can be adapted to many motors. In particular, a practical and useful system has been designed to determine the effect of load on induction motor parameters and the response of induction motors under different load conditions in a laboratory environment. It is believed that this study will be a guide for future studies on the response of motors under load and at different speeds.    
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