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ABSTRACT 

Joonas Lång: Feasibility and Energy Efficiency of Frequency Converter Driven Synchronous 

Reluctance Machine in Crane Application 

Master of Science Thesis 

Tampere University 

Master’s Degree Programme in Electrical Engineering 

September 2023 
 

Cranes can use frequency converter driven electrical machines to realize variable speed opera-
tions. This thesis discusses if industry favourite induction machine could be replaced by synchro-
nous reluctance machine. Comparative tests have proposed that synchronous reluctance ma-
chine is more energy efficient than induction machine. Feasibility of this electrical machine for 
crane applications needs to be reviewed if this replacement is to be considered. Feasibility and 
energy efficiency is examined by presenting the operational principles of the compared electrical 
machines and conducting practical tests with synchronous reluctance machine against a load 
machine. 
Presented theory and comparative tests presented no objections against synchronous reluctance 
machine used for crane application. Practical tests display that synchronous reluctance machine 
can produce enough torque for crane applications. Tested motor handled zero-speed test cases 
remarkably well. The motor followed speed commands satisfactorily. Efficiency test results were 
too low with the tested motor. Efficiency tests faced difficulties, due to which the results are not 
accurate, but the results can be used to give an indicative view of the efficiency of the tested 
machine. Synchronous reluctance machine could be used instead of induction machine in cranes, 
but feasibility requires further research. 
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1. INTRODUCTION 

There has been a growing interest in increasing the energy efficiency of operations in 

different industries. One method in order to increase the energy efficiency has been to 

compare different electrical machines, that have been designed using different opera-

tional principles, and try to find whether they could be more energy efficient than the in-

dustry favorite induction machine. The synchronous reluctance machine is one of these 

candidates. These electrical machines were already built and tested at the beginning of 

the 20th century, but they were too inefficient[1]. Modern synchronous reluctance ma-

chines have their rotor redesigned for more efficient operations, which offers higher 

torque per current ratios and better power factors. When using frequency converters, 

the rotor of the synchronous reluctance machine does not require a cage winding, 

which increases the efficiency of the electrical machine. These improvements produce 

a combination that challenges the favored position of induction machine for applica-

tions where variable speed operation is desired. 

The aim of this thesis is to assess the feasibility and energy efficiency of synchronous 

reluctance machine drive for crane application. This is realized by presenting and com-

paring the operational principles of synchronous reluctance machine and induction ma-

chine. The motor control of these electrical machines is also discussed. Practical tests 

are also conducted on the synchronous reluctance machine to confirm its behavior in 

practical applications. These tests and the presented theory are used to make conclu-

sions on the usability of the machine for crane applications. 

In Chapter 2 different cranes and their working principles are presented. Next in Chap-

ter 3 frequency converter is introduced and pulse-width modulation is discussed. Oper-

ational principles of induction machine are reviewed in Chapter 4. Chapter 5 presents 
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the operational principles of synchronous reluctance machine. In the following Chapter 

6 the losses that occur in electrical machines are considered. Induction machine and 

synchronous reluctance machine are compared with each other and conclusions are 

made based on the presented theory in Chapter 7. Crane application requirements are 

also declared in this chapter. Chapter 8 discusses preparations and plans for the prac-

tical tests of a synchronous reluctance machine. In Chapter 9 the results of practical 

tests are shown and analyzed. Finally, Chapter 10 presents the conclusions of this the-

sis. 
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2. CRANE 

Crane is a mechanical machine used to lift, lower, and move loads, where the load is 

connected with the machinery by a rope, chain, or a similar type of construct. There are 

no other sources of force that help with moving the load other than the force that is be-

ing applied through the rope.[2] Generally, when a heavier object needs to be lifted, a 

crane is required. Cranes can usually be found at factories or construction sites, where 

heavy construction material, for example, concrete blocks or steel girders, needs to be 

hoisted. Docks are also an important use environment for cranes, where loading and 

unloading of cargo of a ship requires mechanical assistance. Container crates are 

heavy, and their weight can be expressed in tons, which requires greater hoisting 

forces. For these purposes, bigger cranes might be required, that can be specialized in 

loading and unloading operations of the cargo of a ship. Similarly, hoisting cases, 

where the lifted objects are lighter, a smaller crane would be preferable to save in ex-

penses, and to still complete the required work.  

2.1 Crane types 

Depending on the hoisting case, there are many types of cranes, that can be utilized 

for the most efficient operation. Cranes can be assembled to fit stationary workplaces, 

for example factories. Mobile versions of cranes can be also constructed if the opera-

tion requires movement from the crane. Next, some basic crane types are introduced 

and elaborated further. 
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 Bridge crane with two main girders [2]. 

Bridge cranes have a main girder, referred to as a bridge, that carries all the machinery 

needed for hoisting and moving the crane. In this bridge, a trolley is mounted, that can 

move horizontally along the bridge, and it contains the actual hoisting equipment. It is 

possible to assemble the crane so, that the bridge can also move horizontally in an or-

thogonal direction to the earlier mentioned trolley, by adding motors to the bridge and 

rails for it to move along. Using both of these movements, it is possible to move loads 

in three dimensions around a certain area. All load movements happen below the 

crane. Bridge cranes are also called overhead cranes, since they are usually mounted 

near the ceiling of a building. Bridge can have more than one girder if the crane’s struc-

ture needs fortifying for heavier hoisting.[2] Figure 1 shows a bridge crane with two 

main girders, where the trolley is mounted on top of and in between of the girders. 
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 Rubber tired gantry crane [2]. 

Gantry cranes are structurally similar to bridge cranes, with the main girder, referred to 

as the gantry. This girder has a trolley attached to it, which can move horizontally along 

the gantry. Gantry is stationary and two posts are supporting it from the ground. It is 

possible to model the gantry crane to be movable, for example, by creating rails for it in 

the ground[2]. Other possibility is to attach rubber tires at the bottom of the two sup-

porting posts, making it capable of moving more freely than the rail solution. These 

cranes are called rubber tired gantry (RTG) cranes[2]. This type of crane is depicted in 

Figure 2. 
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 Rotary crane [3]. 

If the main girder only needs to be rotated horizontally, a rotary crane can be chosen 

for hoisting. These cranes are also called tower cranes. Rotary cranes are tall station-

ary cranes, that can rotate the girder horizontally to a new position. This allows the trol-

ley moving along the main girder to be operated in a circular area around the crane. 

These cranes can commonly be seen used in the construction of buildings[3]. Figure 3 

shows an example of a rotary crane. 
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 Articulated boom crane [2]. 

Boom cranes are more compact than the crane types mentioned earlier. If a crane 

needs to be mounted on a movable object, for example on a ship, boom cranes are the 

usual solution[3]. Rigid boom crane has a single weight -carrying girder, which is called 

jib, that has been articulated to handle loads. One variant of the boom crane, called the 

articulated boom crane, has another jib behind the first jib. This structure allows the 

crane to move loads almost only in a horizontal direction[2]. An example of an articu-

lated boom crane can be seen in Figure 4. 
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2.2 Hoisting and horizontal movement 

In the following two sections, the movement of the load in horizontal and vertical direc-

tion is considered for bridge- and gantry cranes. Load movement relies on similar prin-

ciples for these crane types, due to their comparable structure. Cases where load is 

moved horizontally or vertically should be considered separately, due to differing force 

and control mechanics. 

2.2.1 Hoisting  

Load hoisting requires more energy than moving it horizontally. Machinery needs to 

output enough force to counteract the pull of the gravity on the load. In Figure 5, the 

basic structure for hoisting is presented. 

 

 Basic structure for hoisting, modified from [4]. 

The crane can receive the required hoisting force from, for example, a combustion en-

gine or an electrical motor. This force is called torque. Torque is conducted through a 

gearbox, which allows changing of rotational speed and magnitude of torque, to better 

fit the desired hoisting case. Next the rotational force is transformed into linear force, by 

using it to rotate a drum, that has the hoisting rope reeled around it. Thus, the torque 
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produced by the motor either reels the rope in or releases it, moving the load in a verti-

cal direction. The direction of load’s movement depends on the rotational direction of 

the drum. Separate brake is used to prevent the rotation of the drum when no move-

ment is required. This brake needs to be opened if the load needs to be moved, and 

closed after the operation is done, so the load stays still. 

Power required to hoist an object can be expressed by [1] 

𝑃 = 𝑇𝜔 (1) 

 

where P is required power, T is torque, and ω is angular speed. Since a gearbox is 

used, torque and angular speed are different for the motor and the drum used to hoist 

the load. Assuming lossless operation from gearbox, the relation between motor and 

drum can be expressed by [1] 

Tl

Td

=
ωd

ωm

= a (2) 

where Tl is motor torque applied to the axle, Td is drum torque, ωd is angular speed of 

the drum, ωm is angular speed of the motor shaft, and a is transmission ratio. The mo-

tor also needs to produce more torque to counteract the effects of friction and inertia. 

Earlier equation used only load torque, but the full equation that displays the torque 

mechanics of the motor can be expressed by [1] 

 

𝑇e = 𝑇l + 𝐽
𝑑𝜔

𝑑𝑡
+ 𝐷𝜔 (3) 

where Te is electrical torque, Tl is load torque, J is inertia, dω/dt is angular acceleration, 

and D is friction coefficient. Electrical torque is all the torque the motor produces, while 

load torque is actually what is used to hoist the load. The relation between rotational 

force and linear force can be expressed by 

𝑻 = 𝑭𝑟 (4) 
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where F is the linear force vector and r is the radius of the rotating object. With Equa-

tion (4), the torque required to hoist the load can be defined. Load is pulled down by 

gravitational force, and an equal amount of force needs to be exerted, if the load needs 

to move at a steady speed. According to Equation (3), if acceleration is needed, a 

greater force, or in this case torque, is required to counteract the effects of inertia. 

Gravitational force vector can be defined as 

𝑮 = 𝑚𝒈 (5) 

where m is the mass of the lifted object and g is the gravitational acceleration vector, 

usually defined as 9,81 m/s2. 

 

2.2.2 Horizontal movement 

With horizontal movement, the trolley carrying the hoisting equipment, is moved along 

the gantry or bridge of the crane. Bridge cranes can also move the main girder horizon-

tally. Horizontal movement requires less energy when compared with hoisting, since 

the work does not need to offset all the gravitational force. In this type of movement, 

gravity affects the work through friction by pulling the load and the crane downwards. 

Force required to move the object depends on its weight. Also, the force of friction is 

different depending on whether the object is moved from a standstill or it is already 

moving. For these two cases, practical tests have been conducted to define friction co-

efficients. The materials of two chafing objects also affect the force of friction and differ-

ent friction coefficients have been defined for these cases. Friction equation can be 

presented as 

𝑭μ = 𝜇𝑚𝒈 (6) 

where Fμ is force vector caused by friction, μ is the friction coefficient and m is mass. In 

this case mass refers to the whole moving object and not just the lifted load. The trolley 



11 
 

with its lifting equipment adds to the moving weight. For bridge cranes in the case of 

moving the main girder, the main girder’s weight needs to be considered as well. 

The crane can be equipped with dedicated motors for horizontal movement which are 

attached to the trolley or, in the case of a bridge crane, to the main girder. Motors are 

fixed to both sides of the movable object, and it is important to make sure these motors 

move the object at the same speed. 
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3. FREQUENCY CONVERTER  

Advances in power electronics have created methods in order to control power in more 

accurate and energy-efficient ways. Frequency converters are capable of producing 

voltage of variable frequency and magnitude, which can be used to operate the electri-

cal machine in variable speeds. This allows the motor to take only the required amount 

of power from the grid and allows the user to drive the motor with more accuracy and in 

an expanded range of operation. In this section frequency converters are considered 

mainly for motor drive applications. 

3.1 Frequency converter with an intermediate DC link 

The frequency converter consists of many power electronics components that are used 

to convert the input voltage into desired output voltage that can have varying frequency 

and magnitude. Input voltage is AC voltage that is taken from the grid. This voltage 

needs to be transformed into DC voltage first by using a power electronics converter 

called the rectifier. Rectified voltage is then lead into a section that is called the DC-

link, which has a capacitor that is used to smooth out the converted voltage and store 

energy. From there the next section is the inverter. The inverter is a converter that is 

used to transform DC voltage into AC voltage, and this produced AC voltage is the out-

put of the frequency converter. Inverters designed for this configuration are also called 

voltage source inverters (VSI).[5], [6] The structure of this operation can be seen in Fig-

ure 6. 
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 Example structure of an intermediate DC link frequency converter, modi-
fied from [6]. 

Figure 6 shows one possible way to implement this desired operation. It is possible to 

produce a rectifier or an inverter using different power electronic devices to better fit the 

requirements of the operation. In this case, the rectifier is created with diodes, which 

only allow the power to flow in one direction, which would be in this case from the input 

AC side to the DC side. If the operation doesn’t require the frequency converter to input 

power back into the grid, this method is cheap and easy to implement. If this is how-

ever desired, the rectifier can be built as an active rectifier. This circuit is presented in 

Figure 7. The inverter is created using controllable semiconductor switches. This allows 

the frequency converter to output voltage at desired magnitudes and frequencies, 

which allows the motor to be driven at different speeds.[5], [6] 
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 Frequency converter using an active rectifier [6]. 

When braking an electric motor, power is generated and this power is conducted into 

the frequency converter. The output inverter now acts as a rectifier and leads the con-

verted power into the DC link. This generated power needs to be handled and there are 

several ways to do this. One easy method is to use a braking resistor that dissipates 

the generated power into heat. Figure 8 shows a configuration using a braking resistor. 

DC link voltage magnitude is monitored, and when it crosses the maximum defined 

value, the braking resistor is connected into the circuit. Resistors resistance needs to 

be chosen carefully so the resistor is capable of handling all the generated power.[6] 

 

 Frequency converter with a braking resistor [6]. 

The braking resistor is not an energy efficient method so another method might be re-

quired. If the rectifier is built as an active rectifier, it is possible to input the generated 

energy back into the grid. Another benefit is that the active rectifier can produce better 

quality currents than the diode rectifier. However, this method is more expensive and 

requires its own control circuit.[6] 
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If neither of these methods is desired, braking can be controlled so the DC link voltage 

is maintained within acceptable range. The produced extra power is dissipated in 

losses that occur in the frequency converter and motor. One way to handle the extra 

power is to use it to increase the magnetizing current of the motor, and in this way dis-

sipate it in the stator losses. This however means, that the rate of deceleration might 

be lowered to handle the generated power. In cases with more powerful motors or 

high-speed operations, this method can be considered unusable, if the deceleration 

needs to occur relatively quickly.[5], [6]  

3.2 Pulse width modulation (PWM) 

Frequency converter uses power electronics converters to convert DC voltage into AC 

and vice versa using semiconductor switches. These switches need to be controlled for 

these operations, by opening and closing them in certain patterns. Pulse width modula-

tion is one modulation method that can be used to implement this operation. 

With this method the output voltage of a frequency converter can be produced in the 

form of a square wave or resembling a sinusoidal wave. For this section, the sinusoidal 

output will be discussed since it is the more popular option. This output is not perfectly 

sinusoidal and contains many discontinuity points, but the fundamental-frequency com-

ponent of the line voltage resembles a sinusoidal wave. In this method, a triangular 

control signal utri is used that fluctuates at a frequency which is called switching fre-

quency. The triangular control signal is compared with a sinusoidal control signal and 

with this a variable frequency voltage and magnitude can be produced. For a three 

phased output, three separate sinusoidal control signals need to be used. These sig-

nals are 120 degrees out of phase of each other. Figure 9 shows an example of this 

control.[5] 
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 Three phase sinusoidal pulse width modulation, modified from [5]. 

For a three phased output the inverter has three legs, which each consist of 2 semicon-

ductor switches, and each of these legs control one phase. This can be seen in Figure 

6. Sinusoidal pulse-width modulation controls the opening and closing of these 

switches by comparing the phases reference signal to the triangular control signal. If 

the sinusoidal phase control signal has a higher value than the triangular control signal, 

the switch conducts. In a reverse situation, the switch is opened. Figure 10 displays 

output voltages uUN and uVN, that have been produced following the control signals of 

Figure 9. This figure also shows how the produced line-to-line voltage uUV would look 

like and how it resembles the fundamental voltage uLL1.[5]  
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 Line-to-line voltage uUV produced with PWM, modified from [5]. 

Space vector modulation (SVM) is another modulation method that is used. Dissimilar 

to sinusoidal pulse width modulation, where the per phase amplitudes of the control 

signals determine the operation of the switches, space vector modulation creates the 

switching sequences according to the reference space vector, which is received from 

the control circuit. There are 8 different switch combinations, which creates 7 unique 

space vectors, which are used to create the desired output.[7] Figure 11 displays these 

space vectors. Space vectors are explained in relation to the motor control in Chapter 

4.3.1. 
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 Space vectors used in SVM [8]. 

To help with modulation, two modulation ratios can be defined as 

𝑚a =
𝑢̂control

𝑢̂tri
 (7) 

where ma is the amplitude modulation ratio, 𝑢̂control is the amplitude of the reference 

signal and 𝑢̂tri is the amplitude of the triangular control signal. Frequency modulation 

ratio can be defined as 

𝑚f =
𝑓sw

𝑓1
 (8) 

where 𝑓sw  is switching frequency and 𝑓1 is the fundamental frequency of the output 

voltage.[5] 

Switching frequency is usually chosen as high as possible to produce the best output, 

because as the switching frequency is increased, the switches are operated more often 

which produces an output that more closely resembles a sinusoidal wave. However, 

there is a drawback to this. Semiconductor losses increase as the switches are oper-

ated more often. Higher switching frequencies can also be beneficial, since the acous-
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tic noise that human ear can hear can be reduced, which can improve the user experi-

ence. Choosing the most fitting switching frequency needs to carefully considered for 

different applications, balancing the earlier mentioned gain and disadvantage.[5] 

Amplitude modulation ratio ma is usual kept in between 0 and 1, so when using a sinus-

oidal PWM, the output voltage would vary linearly with ma. However, this will limit the 

maximum voltage of the frequency converter since the amplitude modulation ratio de-

fines the amplitude of the output. It is possible to increase the ma over 1 to produces a 

higher maximum voltage and this method is called overmodulation. This, however, will 

create more harmonics in the output.[5] There is a method called Min-Max injection, 

where a zero sequence signal, which consists of odd triple harmonics, is added in to 

the reference voltage signal, which makes it possible for the linear modulation to con-

tinue over the modulation ratio of 1. With this method, the final limit for linear modula-

tion for amplitude modulation ratio is 2 / √3, which is approximately 1,1547.[7] 
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4. INDUCTION MACHINE 

Induction machines are the workhorse of the industry and they can be found in many 

motor applications. Their technology is well understood and can be considered techno-

logically mature with their simple and rugged structure. The main aspect of this thesis 

is to evaluate the properties of the synchronous reluctance machine, but it is also im-

portant to present the working principles of the induction machine, since induction ma-

chines are the industry favorite. By doing this, these two electric machines can be bet-

ter compared with each other, and from this a comparative analysis can be produced, 

which will be presented in a later section of this thesis. Electrical machine is a term 

used to comprehensively describe these machines, but the term electrical motor is usu-

ally used, since these machines are used in motor applications. However, electrical 

machines are inherently capable of acting as a generator as well. Switching between 

motor and generator operation is possible while the machine is being driven. 

4.1 Structure 

Like electrical machines usually, an induction machine consists of a stator and a rotor, 

that are cylindrically shaped. The stator is hollowed out from the inside and the rotor is 

assembled inside. There is a small air gap in between the stator and the rotor. The sta-

tor is used to produce a rotating magnetic field in the air gap and this causes the rotor 

to turn. The rotating rotor is then used to move the mechanical load the machine is 

connected to. Figure 12 displays the basic structure of an induction machine. 
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 Induction machine structure [9]. 

4.1.1 Stator 

The input current of an induction machine is conducted into the stator of this machine, 

which creates a magnetic field. To produce a rotating magnetic field in the air gap, the 

stator can be built with distributed windings. This can be seen in Figure 13, where the 

stator has 6 winding slots. These stator slots are evenly distributed around it, which in a 

three-phase motor form two poles per phase. When the input of the induction motor is 

three-phase alternating current, this current is conducted through the windings around 

the stator slots, and this produces a rotating magnetic field in the air gap.[9] 

With the slot configuration presented in Figure 13, the rotating magnetic field in the air 

gap wouldn’t be perfectly sinusoidal, due to space harmonics that are caused by the 

non-sinusoidal placement of the slots. The produced output can be smoothed by add-

ing more slots to the rotor, increasing the amount of slots that is allocated to each 

phase. This will, however, increase the production cost of the motor.[10] 
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 Cross section view of induction machine [9]. 

4.1.2 Rotor 

The rotor of an induction machine has a cylindrical core, that is made of laminated 

electrical steel, and winding conductors around the core. These winding conductors 

can be built in two ways, with slip rings or a squirrel cage. In a slip ring machine, the 

windings are constructed in similarly with the stator and the number of pole pairs needs 

to be also the same. In this winding configuration, the rotor winding is connected to a 

circuit outside of the machine with slip rings and brushes. This allows the rotor re-

sistance to be changed during use, but the structure requires more maintenance due to 

the brushes and more losses are caused. Induction machines using this rotor type are 

less popular than the squirrel cage construct and are mostly used in special applica-

tions, for example in wind turbines. The squirrel cage rotor will be mainly considered in 

this thesis, as it is the most used rotor solution for induction machines. [1] 

Squirrel cage induction machines are the popular option, where the rotor core has con-

ductor rails die-cast into the slots in the surrounding core. It is also possible to replace 



23 
 

the conductor rails with precast copper rods that are soldered or welded into the lami-

nated steel core. In both of these methods, the rods are short-circuited with short-circuit 

end rings. Figure 14 depicts the cage structure of this rotor type.[1] 

 

 Squirrel cage of an induction machine [11]. 

Materials used to build the rotor cage depend on the use case of the motor and the 

power classification. Aluminum is the cost-effective material for motors rated below 37 

kW and copper bars are used for over 50 kW applications, since rotor losses are 

smaller with copper than aluminum. Aluminum is also preferable material in lower oper-

ations compared with cast iron, since it resists corrosion better, is easier to work with, 

has lesser weight and better heat conduction attributes. In applications with the power 

classification of over 37 kW cast iron can be used instead of aluminum, to strengthen 

the mechanical structure of the rotor for high torque operations.[6] 

4.2 Operational Principles 

Induction machines are asynchronous machines. This means that the rotational speed 

of the rotor and the magnetic field in the air gap differs. Stator creates a rotating mag-
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netic field and the speed it rotates at is referred to as synchronous speed. In motor ap-

plications the rotor rotates at a slightly lower speed than the synchronous speed. This 

speed difference is called slip angular speed. The slip is mandatory for the induction 

motor to produce torque and the principles of this feature will be presented in this sec-

tion along with other details pertaining to the operational principles. 

Slip can be calculated by 

𝑠 =
𝑛s − 𝑛r

𝑛s
 (9) 

where ns is the synchronous speed and nr is the rotational speed of the rotor. In this 

equation, the slip is presented in per-unit form. In motor applications, the slip receives 

values in between of 0 and 1. Synchronous speed can be solved in revolutions per mi-

nute (RPM) by 

𝑛𝑠 =
60𝑓𝑠

𝑝
 (10) 

where 𝑓s is the stator frequency and p is the pole pair number of the used induction ma-

chine. Combining Equations (9) and (10) the rotor’s rotational speed can be presented 

as 

𝑛r =
60𝑓s

𝑝
(1 − 𝑠) (11) 

where nr is in RPM.[1] 

For an induction machine to produce torque, a rotating time changing magnetic field is 

required in the air gap between the stator and the rotor. According to Faraday’s law, 

this rotating magnetic field induces voltage into the rotor rods that are short circuited. 

Faraday’s law can be expressed with equation 

𝜀 = −
𝑑𝜙

𝑑𝑡
 (12) 
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where ε is the induced voltage and ϕ is the magnetic flux flowing through the open sur-

face. It can be seen from the Equation (12) that the induced voltage has a negative 

value, and this occurs because the flux generated by induced currents opposes the 

magnetic field that induced these currents.[10] 

Induced currents create a magnetic field around them and this generates force. This 

can be expressed with Lorentz force law, which can be written as 

𝑭mag = 𝑞[𝑬 + (𝒗 ×  𝑩)] (13) 

where q is the charge, E is the electric field vector, v is the velocity vector the charge 

moves at and B is the magnetic flux density vector. Due to this force generated by the 

magnetic field, that is produced by the induced currents, the rotor rotates and induction 

machine generates torque.[10] 

To better explain the working principles of an induction machine, an equivalent circuit 

can be built, which resembles how a transformer operates. Figure 14 displays the sin-

gle-phase equivalent circuit. 

 

 Single phase equivalent circuit of an induction machine, modified 
from [10]. 

In Figure 15 es is the induced voltage in the stator, us the stator voltage, is the stator 

current, Rs the stator resistance, Xs the stator leakage reactance and b the turns ratio. 

Symbols on the right are respective values for the rotor. Stator side of the equivalent 
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circuit also has a branch with variables for magnetization and iron losses. These values 

are: im the magnetizing current, Xm the magnetizing reactance and Rc which is used to 

represent iron losses. The voltage induced to the rotor depends on slip and this can be 

expressed with 

𝑒r = 𝑠𝑒r0 (14) 

where er0 is the induced voltage when rotor is locked in place, meaning that the slip is 

1.[10] 

With the current equation, the total impedance on the rotor side can be written as 

𝑖r =
𝑠𝑒r0

𝑅r + 𝑗𝑠𝑋r0
=

𝑒r0

𝑅r
𝑠 + 𝑗𝑋r0

 (15)
 

𝑍r =
𝑅r

𝑠
+ 𝑗𝑋r0 (16) 

Rotor resistance component in Equation (16) can be divided into 

𝑅r

𝑠
= 𝑅r + 𝑅r (

1 − 𝑠

𝑠
) (17) 

where the first term presents the rotor copper losses and the second term presents the 

electromechanical power conversion.[10] 

The equivalent circuit can be simplified by referring the rotor values to the stator side 

by converting the rotor values with following equations: 

𝑒r
′ = 𝑏2𝑒r0 (18) 

𝑅r
′ = 𝑏2𝑅r (19) 

𝑖r
′ =

𝑖r

𝑏
 (20) 

𝑋r
′ = 𝑏2𝑋r (21) 

These values can be used to redraw the equivalent circuit in Figure 15. The revised 

equivalent circuit is presented in Figure 16. 
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 Equivalent circuit of an induction machine referred to the stator, 
modified from [10]. 

4.3 Motor Control 

The induction machine can be driven by connecting it directly to the grid. This will, how-

ever, limit the speed of the machine to operate only at the grid’s frequency. If a variable 

speed operation is required, a frequency converter can be used to control the speed of 

the machine. This also allows a smoother operation of the machine. There are many 

control strategies for controlling an induction machine desirably, but before these meth-

ods are introduced, a space vector presentation of the machine is examined first. After 

this the scalar control and field-oriented control are presented. 

4.3.1 Space vector presentation 

Space vectors are used to represent a three-phased quantity with a single vector in a 

complex plane. A two-axis presentation is usually chosen and this transformation can 

be done for stator current as an example by 

[

𝑖sα

𝑖sβ

𝑖s0

] =
2

3
[

cos 𝑐 cos(𝑐 + 120°) cos(𝑐 + 240°)

sin 𝑐 sin(𝑐 + 120°) sin(𝑐 + 240°)
1

2

1

2

1

2

] [

𝑖sU

𝑖sV

𝑖sW

 ] (22) 

where isU, isV and isW are three-phase values of the stator current. The term c is usually 

chosen to be 0 and the 2/3 term is added to make the transformation amplitude invari-

ant. In symmetric cases for a three-phase system, the zero-sequence component is0 is 
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nonexistent and can be ignored. This transformation can be performed for any three-

phase variable, in which case the current vector on the right-hand side of the Equation 

22 is changed to the desired variable.[1] 

Equation (22) produces two variables that have a phase difference of 90°. The control 

of the electrical machine can be further simplified by removing the rotation from these 

two variables by aligning them to a rotating frame of reference. This is performed with 

𝑖sd = 𝑖sα cos 𝜔g𝑡 + 𝑖sβ sin 𝜔g𝑡  (23) 

𝑖sq = −𝑖sα sin 𝜔g𝑡 + 𝑖sβ cos 𝜔g𝑡  (24) 

where ωg is the rotation speed of the reference frame. This produces stable values that 

allow the AC machine to be controlled like a DC machine if the inspected variable ro-

tates at the same speed as the reference frame.[1] Figure 17 presents the earlier pro-

duced space vector values.  

 

 Stator current space vector values in different reference frames, 
modified from [1]. 

The rotating reference frame can be used to transform the equivalent circuit of the in-

duction machine into a rotating model as well. This equivalent circuit is presented in 

Figure 18. 
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 Equivalent circuit of an induction machine in d- and q-axis presen-
tation. Modified from [12]. 

Values in Figure 18 can be written in equation form as 

𝑢sd = 𝑅𝑠𝑖𝑠𝑑 +
𝑑𝛹𝑠𝑑

𝑑𝑡
− 𝜔𝑔𝛹𝑠𝑞 (25) 

𝑢𝑠𝑞 = 𝑅𝑠𝑖𝑠𝑞 +
𝑑𝛹𝑠𝑞

𝑑𝑡
+ 𝜔𝑔Ψ𝑠𝑑  (26) 

𝑢𝑟𝑑 = 0 = 𝑅𝑟𝑖𝑟𝑑 +
𝑑𝛹𝑟𝑑

𝑑𝑡
− (𝜔𝑔 − 𝜔𝑟)Ψ𝑟𝑞 (27) 

𝑢𝑟𝑞 = 0 = 𝑅𝑟𝑖𝑟𝑞 +
𝑑𝛹𝑟𝑞

𝑑𝑡
+ (𝜔𝑔 − 𝜔𝑟)Ψ𝑟𝑑 (28) 

where Ψsd and Ψsq are stator flux linkages in dq reference frame, ωg rotation speed of 

the reference frame and ωr is the rotational speed of the rotor. Subscripts d and q are 

used to refer a parameter to either axis. Flux linkage terms can be defined by 

𝛹sd = (𝐿sσ + 𝐿m)𝑖sd + 𝐿m𝑖rd (29) 

𝛹sq = (𝐿sσ + 𝐿m)𝑖sq + 𝐿m𝑖rq (30) 
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𝛹rd = (𝐿rσ + 𝐿m)𝑖rd + 𝐿m𝑖sd (31) 

𝛹rq = (𝐿rσ + 𝐿m)𝑖rq + 𝐿m𝑖sq (32) 

where Lsσ is the stator leakage inductance, Lrσ is the rotor leakage inductance and Lm is 

the magnetizing inductance. Using this model, the equation for torque can be defined 

as 

𝑇e = 𝑝(𝛹sd𝑖sq − 𝛹sq𝑖sd) = 𝑝
𝐿m

𝐿r
(𝛹rd𝑖sq − 𝛹rq𝑖sd) (33) 

where p is the number of pole pairs and Lr is the rotor winding self-inductance. Lr can 

be solved with Equation (34).[7] 

𝐿r = 𝐿rσ + 𝐿m (34) 

4.3.2 Field-oriented control (FOC) 

Field-oriented control relies on using a rotating reference frame, that is aligned to a cer-

tain variable, for example rotor flux linkage. This allows the transformation of AC quan-

tities into DC, which makes the use of proportional-integral (PI) controllers possible. 

FOC aims to simplify AC motor control, by making it more analogous to how a sepa-

rately excited DC machine is controlled. In the induction machine, the stator current is 

responsible for producing the flux excitation and torque, which makes these values 

hard to control separately. In separately excited DC-machine, the flux excitation current 

has its own separate circuit and torque is produced with the armature current. FOC cre-

ates a similar situation for AC-machines, by mathematically separating the stator cur-

rent into flux excitation current id and torque producing current iq. These currents only 

exist in the motor control software. However, these variables can be transformed into 

voltage commands for the pulse width modulator that produce an outcome, where flux- 

and torque production are decoupled into separate components, thus making them 

separately controllable.[7] 
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Equation (33) presents how torque is calculated for the induction machine. However, 

this equation depends on both of the currents id and iq, while the basic idea of FOC was 

to make the torque production only dependent on iq. This problem can be solved, and 

operation made more similar to a DC machine, by aligning the rotating reference frame 

to the d-component of either stator or rotor flux linkage, which changes the q-compo-

nent of the chosen variable into zero. These orientations are called rotor field-oriented 

control (RFOC) and stator field-oriented control (SFOC). With rotor field-oriented con-

trol, the d-axis is aligned with d-component of the rotor flux linkage. This sets the rotor 

flux linkage q-axis component to zero and simplifies rotor voltage Equations (27) and 

(28) into 

𝑢rd = 0 = 𝑅r𝑖rd +
𝑑𝛹rd

𝑑𝑡
(35) 

𝑢rq = 0 = 𝑅r𝑖rq + (𝜔g − 𝜔r)𝛹rd (36) 

Rotor currents ird and irq can be solved from rotor flux linkage Equations (31) and (32) 

by 

𝛹rd = (𝐿rσ + 𝐿m)𝑖rd + 𝐿m𝑖sd  ⇒ 𝑖rd =
(𝛹rd − 𝐿m𝑖sd)

𝐿r

(37) 

𝛹rq = 0 = (𝐿rσ + 𝐿m)𝑖rq + 𝐿m𝑖sq  ⇒ 𝑖rq = − (
𝐿m

𝐿r
) 𝑖sq (38) 

These rotor currents are then transferred into Equations (35) and (36) which produces 

𝛹r + 𝜏
𝑑𝛹r

𝑑𝑡
= 𝐿m𝑖sd (39) 

(𝜔g − 𝜔r)𝛹r𝜏 = 𝐿m𝑖sq (40) 

where τ is the rotor time constant, that is defined with 

𝜏 =
𝐿r

𝑅r
 (41) 

In rotor flux linkage reference frame, the torque equation is expressed as 
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𝑇e = 𝑝 (
𝐿m

𝐿r
) 𝛹rd𝑖sq (42) 

Currents isd and isq can be solved from Equations (39) and (42) with 

𝑖𝑠𝑑 =
Ψ𝑟 + 𝜏

𝑑Ψ𝑟
𝑑𝑡

𝐿𝑚
 (43) 

𝑖𝑠𝑞 =
𝑇𝑒

𝑝 (
𝐿𝑚
𝐿𝑟

) Ψ𝑟𝑑

 (44)
 

which produces the final equations to model the operation of the rotor field-oriented 

control.[7] 

 

 Direct rotor field-oriented control block diagram for induction ma-
chine, modified from [7]. 

Field-oriented control can be implemented for the induction machine using a rotor flux 

reference frame in two ways: with the direct- or indirect method. The main difference 

with these methods is how the flux vector position is defined, which is used for the ro-
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tating coordinate frame transformation. The direct method uses a flux estimator to pro-

duce this value. Figure 19 displays a block diagram of this control strategy for the con-

stant flux region. In this figure SU, SV and SW are switch commands and udc is the DC-

link voltage. Command values for currents id and iq can be defined from Equations (39) 

and (42) with a constant flux by 

𝑖sdc =
𝛹rc

𝐿m
 (45) 

𝑖sqc =
2

3𝑝

𝐿r

𝐿m

1

𝛹rc
𝑇e (46) 

where Ψrc is the command value for rotor flux linkage.[7] 

 

 Indirect rotor field-oriented control block diagram for induction ma-
chine, modified from [7]. 

Indirect rotor field-oriented control strategy integrates the angular speed of rotor flux 

vector to produce the rotor flux vector position. This speed is produced by measuring 

the rotor angular speed and summing it up with slip angular speed, which is presented 

in equation form with 

𝜔sr = 𝜔sl + 𝑝𝜔m (47) 
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where ωsl is the angular speed of the slip and ωm is the mechanical angular speed of 

the rotor. Angular slip speed can be calculated from Equation (40) with 

𝜔sl =
1

𝑖sdc

1

𝜏
𝑖sqc (48) 

where the subscripts c refers the values being command values. Figure 20 presents a 

block diagram of this control strategy for constant flux region.[7] 
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5. SYNCHRONOUS RELUCTANCE MACHINE 

Synchronous reluctance machines (SynRM) have gained more attention in the recent 

years, as the industry has been investigating methods to improve the energy efficiency 

of their operations. With improved motor control techniques and research into optimiz-

ing the motor design, synchronous reluctance machines are presented as a competitor 

to the industry favorite induction machine. Many motor application use cases could be 

replaced with this improved motor[1]. This section presents different methods how a 

synchronous reluctance machine can be built and outlines the principles how the ma-

chine operates. Mathematical models are also built that are used to consider the motor 

control of this machine. 

5.1 Structure 

The synchronous reluctance machine has a similar structure to induction machine. The 

stator is built using the same principles of distributed windings that create a rotating si-

nusoidal magnetic field in the air gap. Design points and notices regarding the stator 

from Chapter 4.1 are also applicable to this type of electric machine. However, the 

main difference of these machines comes in the structure of the rotor. While induction 

machine uses windings or rotor bars in the rotor, the synchronous reluctance machine 

has neither of these and the rotor usually consists of laminated steel plates. The rotor 

is shaped and constructed in a way to take advantage of reluctance torque using sali-

ent poles, which differs from how the induction machine generates torque. 
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 Possible rotor constructs for synchronous reluctance machine. (a) 
induction machine rotor with some teeth removed, (b) flux barrier rotor with 
cage, (c) axially laminated rotor, (d) salient-pole synchronous machine rotor 

without excitation windings (e) flux barrier rotor without cage and (f) multilayer 
flux-barrier rotor.[1] 

A simple way to create the rotor for this type of machine is to modify an existing rotor of 

an induction machine by removing some of its teeth. This type of rotor is displayed in 

Figure 21 (a). Modifying the rotor of an induction machine is also how the first synchro-

nous reluctance machines were made in the early 1900s. The rotor of a salient pole 

machine is presented in Figure 21 (d), where the excitation windings have been re-

moved.[1] 

In Figure 21 rotors (b) and (e) take advantage of permanent magnets and are referred 

to as permanent magnet assisted synchronous reluctance machines. The rotor (b) also 

has a cage winding. These magnets need to be placed in way so that their magnetic 
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field opposes the q-axis, thus increasing the saliency of the machine. The use of per-

manent magnets increases the power factor of the machine, which allows the machine 

to be driven with a less powerful and expensive inverter. Also, permanent magnets in-

crease the energy efficiency of the machine. However, permanent magnets have their 

downsides. These magnets use rare earth materials, that would noticeably increase the 

price of the machine. Ferrites are relatively cheap permanent magnets that could be 

used to make the machine more economical, but to produce the required magnetic field 

more of these magnets are required, which increases the mechanical strain on the ro-

tor.[1] The maximum speed of the rotor may be also lowered, since the permanent 

magnets run the risk of separating from the rotor in high-speed applications and high 

temperature operations run the risk of demagnetizing the magnets[10]. 

 

 Transversally- and axially laminated SynRM rotor.[11] 

To increase the efficiency and torque of the SynRM, more suitable rotors have been 

developed and these modern designs are presented in Figure 21 in rotors (c) and (f). 

These rotors are called axially- and transversally laminated rotors. Figure 22 displays 

how the rotor laminations are assembled. It has been determined that the axially lami-

nated rotor is capable of producing more torque with a better power factor, but the rotor 

construction is more complicated, thus more expensive. The transversally laminated ro-

tor could be produced with similar machinery than the squirrel cage induction machines 

are produced.[11] It is also possible for the SynRM with this type of rotor to have even 
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lower production cost than the squirrel cage induction machine, since the cage isn’t 

needed and the casting stage can be skipped in the production line[13]. 

5.2 Operational Principles 

The synchronous reluctance machine relies on the principle of the magnetic field’s ten-

dency to flow through the points of least reluctance using the least amount of energy. If 

an object with more reluctance hindering the magnetic field can move so the magnetic 

field flows with the least amount of energy, torque is generated so the object is moved 

to align with the field to reduce reluctance. Torque is produced until this position of 

least reluctance is achieved.[10] SynRM produces torque by constantly maintaining this 

situation with a rotating magnetic field in the air gap. Opposed to the induction ma-

chine, the SynRM rotor rotates at a synchronous speed as its name suggests. 

Unlike for the induction machine, the direction with the highest inductance is defined as 

the d-axis for the synchronous reluctance machine. While designing synchronous re-

luctance machines it is important to consider the d- and q-axis inductances. The rela-

tion between these variables is called the saliency ratio and it is expressed by dividing 

d-axis inductance with q-axis inductance Ld/Lq. In Figure 21 different SynRM rotor de-

signs were presented and each of these designs have a different saliency ratio. Rotor 

(a) has a low saliency of below 3 and rotor (b) and (d) are in between 3 and 4. The 

more developed rotor designs (c) and (f) have higher saliency ratios of greater than 10 

for (c) and from 6 to 8 for (f). It has been determined that the saliency ratio should be at 

least 6 for SynRM to be capable competing with induction machine.[1] 

Produced power can be calculated with 

𝑃 = 3𝑢s
2

𝐿d − 𝐿q

2𝜔s𝐿d𝐿q
sin 2𝛿s (49) 
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where us is the stator phase voltage, ωs is the synchronous rotation speed and δs is the 

load angle. Load angle is defined as the angle between the stator flux linkage vector 

and the d-axis. Electrical torque can be expressed with 

𝑇e =
3

2
𝑝(𝐿d − 𝐿q)𝑖sd𝑖sq (50) 

It can be seen from Equations (49) and (50) that they receive greater values the 

greater the difference of Ld to Lq is. Voltage equations for d- and q-axis can be ex-

pressed with [1] 

 

𝑢d = 𝑅s𝑖sd +
𝑑𝛹d

𝑑𝑡
− 𝜔r𝛹q (51) 

𝑢q = 𝑅s𝑖sq +
𝑑𝛹q

𝑑𝑡
+ 𝜔r𝛹d (52) 

Earlier presented flux linkage components can be presented with d- and q-axis currents 

and inductances 

𝛹d = 𝐿d𝑖sd = (𝐿md + 𝐿sσ)𝑖sd + 𝐿md𝑖D (53) 

𝛹q = 𝐿q𝑖sq = (𝐿mq + 𝐿sσ)𝑖sq + 𝐿md𝑖Q (54) 

where Lmd is magnetizing inductance in d-axis, Lmq is magnetizing inductance in q-axis, 

Lsσ is stator leakage inductance, iD is damper winding current in d-axis and iQ is damper 

winding current in q-axis. With these earlier presented 4 equations an equivalent circuit 

can be formed in d- and q-axis, that is shown in Figure 23.[1] 
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 Equivalent circuit of synchronous reluctance machine with damper 
winding in d- and q-axis presentation.[1] 

Figure 23 is modelled with a damper winding, which allows the SynRM to be operated 

directly from the grid without a frequency converter. This is called direct online (DOL) 

use. The damper winding, however, reduces the saliency ratio of the machine and di-

rect online use doesn’t allow variable speed operations. If the SynRM is operated with 

a frequency converter, damper winding can be removed to increase the efficiency of 

the machine, as no rotor currents are produced.[1] By removing these windings, the 

Equations (53) and (54) and Figure 23 are also simplified as the terms relating to 

damper winding can be removed. 

Stator flux linkage vector can be formed with 

𝜳s = 𝜳sσ + 𝜳m (55) 

where Ψsσ is stator leakage flux linkage vector and Ψm is air gap flux linkage vector.[1] 

Equations (53) and (54) and isd and isq can be presented in relation to the load angle δs 

by 

𝛹d = 𝛹s cos 𝛿s = 𝛹m cos 𝛿s + 𝑖sd𝐿sσ (56) 

𝛹q = 𝛹s sin 𝛿s = 𝛹m sin 𝛿s + 𝑖sq𝐿sσ (57) 

𝑖sd =
1

𝐿d
𝛹s cos 𝛿s  (58) 

𝑖sq =
1

𝐿q
𝛹s sin 𝛿s  (59) 
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and a visual space vector presentation of all of these values is presented in Figure 

24.[1] Figure 24 also displays phase angle φ, current angle κ and rotor angle θr. 

 

 Space vector presentation of SynRM variables. Modified from [1]. 

High saliency ratio is preferable for high torque and power factor, and better torque re-

sponse, but there are limits how much a higher saliency ratio improves the operation of 

the SynRM. Figure 25 presents 3 curves for break-down torque with different saliency 

ratios, which display its effect on torque, and the effect of the load angle. The motor 

was driven at rated voltage and frequency. It can be seen from this figure that the maxi-

mum torque is produced at the load angle of 45°, and the increase in the saliency ratio 

from 10 to 50 is less significant than the increase from 5 to 10 for the break-down 

torque. Saliency ratio of 50 is considered practically non achievable, but its curve in 

Figure 25 presents, that the increase in the saliency ratio has lower improvements in 

break-down torque after high enough saliency has been achieved. These values are 

produced with equation 
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𝑇e =

1 −
1

𝐿d/𝐿q

2𝐿q
sin 2𝛿s  (60) 

where Ld is the d-axis inductance and δs is the load angle.[1] 

 

 Different break-down torques for different saliency ratios in SynRM 
with Lq=0,27.[1] 

The power factor is one parameter that has been compared with the induction ma-

chine, and generally for the synchronous reluctance machine it is lower. Higher sali-

ency can improve it while a proper load angle is selected. Figure 26 displays the effect 

of saliency and the load angle on the power factor. Increasing saliency ratio improves 

power factor more significantly, when compared with how in Figure 25 break-down 

torque improved with better saliency ratio.[1] 
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 SynRM power factor with different saliency ratios.[1] 

5.3 Motor Control 

The synchronous reluctance machine is usually controlled with a vector control 

method, that is implemented with either field-oriented control or direct torque control 

(DTC). For this chapter, the field-oriented control is prioritized and no other motor con-

trol methods are considered. Since the principles of FOC were introduced in Chapter 

4.3.3, this chapter aims to mainly present different versions of field-oriented control for 

the SynRM. 

5.3.1 Field-oriented control (FOC) 

Synchronous reluctance machine uses the same principles for field-oriented control as 

the induction machine presented in Chapter 4.3.3, but with some adjustments due to 

dissimilarities in the operational principles of the machines. Stator current is again di-

vided into d- and q-components, where current isd is used to control the excitation flux 

and isq controls torque. Figure 27 displays a block diagram of this control. In this figure 
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ωref is speed reference and uUref, uVref and uWref are voltage references sent to the in-

verter of the frequency converter. 

 

 SynRM block diagram for field-oriented control, modified from[1]. 

There are different methods how to implement this control, based on what is the most 

desired feature for the control. These methods can be divided into two: constant isd 

control and constant current angle κ control. Constant current angle control can be fur-

ther divided into the fastest torque response control, maximum torque per ampere 

(MTPA) control and maximum power factor control. Constant isd control is best used for 

cases, where motor is driven outside of the field weakening region.[1] 

5.3.2 Constant isd control 

As the name implies, constant isd control maintains certain isd value in operations below 

rated frequency. To get the current control equations, first the stator flux equation 

needs to be examined, which is presented by 

𝛹s = √𝛹d
2 + 𝛹q

2 = √(𝐿d𝑖sd)2 + (𝐿q𝑖sq)
2

 (61) 

current isq can be solved from this equation by 

𝑖sq =
√𝛹s

2 − (𝐿d𝑖sd)2

𝐿q
 (62) 
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Torque equation for the SynRM was presented in Equation (56). If isq from Equation 

(62) is inserted here, the equation takes form 

𝑇e =
3

2

𝑝

𝐿q
(𝐿d − 𝐿q)𝑖sd√𝛹s

2 − (𝐿d𝑖sd)2 =
3

2
𝑝 (

𝐿d

𝐿q
− 1) 𝑖sd√𝛹s

2 − (𝐿d𝑖sd)2 (63) 

Current isd can be solved from Equation (69) by partially deriving it by isd and solving it 

for zero, which produces 

𝑖sd =
𝛹s

√2𝐿d

 (64) 

This equation can be used for reference values for isd. Maximum torque can be defined 

as 

𝑇emax =
3

4
𝑝

𝐿d − 𝐿q

𝐿d𝐿q
𝛹s

2 =
3

4
𝑝 (

1

𝐿q
−

1

𝐿d
) 𝛹s

2 (65) 

Using this equation, the maximum value for stator flux linkage can be presented as 

𝛹smaxref = √
4|𝑇eref|𝐿d𝐿q

3𝑝(𝐿d − 𝐿q)
 (66) 

The stator flux linkage reference defined here can be inserted into Equation (64) to get 

the current reference for maximum torque. Finally, the reference value for isq is defined 

as 

𝑖sqref =
2𝑇eref

3𝑝(𝐿d − 𝐿q)𝑖dref

 (67) 

where the subscript ref refers the value being a reference value.[1] 

5.3.3 Fastest torque response 

The 3 constant κ control strategies all depend on tan κ. To solve the fastest torque re-

sponse situation, first the isq is solved from Equation (63) by partially deriving it by isq 

and solving it for zero, which produces 
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𝑖sq =
𝛹s

√2𝐿q

 (68) 

dividing Equation (68) with Equation (64) produces 

𝑖sq

𝑖sd
=

𝛹s

√2𝐿q

𝛹s

√2𝐿d

=
𝐿d

𝐿q
 (69) 

which is equal to tan κ. From this equation, the angle for the highest rate of change for 

torque can be defined by 

𝜅 = 𝑎𝑟𝑐𝑡𝑎𝑛
𝐿d

𝐿q
 (70) 

Solving stator flux linkage from Equation (64) and inserting it into Equation (65), refer-

ence for isd can be solved by 

𝛹smaxref = 𝑖sdref√2𝐿d (71) 

𝑖sdref =

√
4|𝑇eref|𝐿d𝐿q

3𝑝(𝐿d − 𝐿q)

√2𝐿d

= √
4|𝑇eref|𝐿d𝐿q

3𝑝(𝐿d − 𝐿q)2𝐿d
2

= √
2|𝑇eref|𝐿q

3𝑝(𝐿d − 𝐿q)𝐿d

  (72)
 

this equation can be changed to take into account tan κ, which produces 

𝑖sdref = √
2|𝑇eref|

3𝑝(𝐿d − 𝐿q) tan 𝜅
 (73) 

Considering Equations (70) and (71), the reference value for current isq can be defined 

as 

𝑖sqref =
𝑖sdref𝑠𝑔𝑛(𝑇eref)

tan 𝜅
 (74) 

where the sgn() function produces either a positive or negative sign depending on the 

sign of the torque reference.[1] 
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5.3.4 Maximum torque per ampere (MTPA) 

When Equation (50) displaying torque is modified to depend on the current angle κ and 

the stator current is, the equation is expressed as 

𝑇e =
3

4
𝑝𝑖s

2(𝐿d − 𝐿q) sin 2𝜅 (75) 

It can be clearly seen from this equation, that the maximum value is achieved when κ is 

π/4, which produces the MTPA condition.[1] 

5.3.5 Maximum power factor 

To get the maximum power factor for the SynRM, first the equation for power factor is 

presented as 

cos 𝜑 =
2𝑇e𝜔s

3𝑝𝑢s𝑖s
 (76) 

Next, the equations for stator voltage and stator current can be presented as 

𝑢s = 𝜔s𝛹s (77) 

𝑖s = √𝑖sd
2 + 𝑖sq

2  (78) 

When torque Equation (50) and the two earlier equations are inserted into the power 

factor Equation (76), the power factor can be solved with 

cos 𝜑 =
(𝐿d − 𝐿q)𝑖sd𝑖sq

√(𝐿d𝑖sd)2 + (𝐿q𝑖sq)
2

√𝑖sd
2 + 𝑖sq

2

 (79)
 

This new equation is then differentiated in respect to isd/isq and solved for zero, which 

produces a condition for maximum power factor 

𝑖sq

𝑖sd
= √

𝐿d

𝐿q
 (80) 

The relation between isq/isd and tan κ was expressed in Equation (69). Considering this, 

the current angle for maximum power factor can be defined with equation 
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𝜅 = 𝑎𝑟𝑐𝑡𝑎𝑛√
𝐿d

𝐿q
 (81) 

which produces the constant κ condition for maximum power factor.[1] 
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6. ELECTRICAL MACHINE LOSSES 

Electrical machines perform electro-mechanical power conversion. The direction of this 

operation is determined whether the machine is used as a motor or a generator, imply-

ing that electrical power is used to produce mechanical power or mechanical power is 

used to generate electrical power. These operations are not perfect and losses are 

generated due to different phenomena. Power losses that occur in an electrical ma-

chine can be divided into following 4 categories: 

1. copper losses 

2. core losses 

3. mechanical losses 

4. stray losses. 

Figure 28 visualizes and divides these losses for stator and rotor. Arrow sizes in this 

figure do not represent the magnitudes of actual losses an electrical machine pro-

duces. 
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 General losses of an electrical motor, modified from[10]. 

6.1 Copper losses 

Copper losses, also known as resistive losses, occur in current carrying conductors, 

which increases the temperature of the conductor. These losses can be determined 

with basic power and voltage equations as 

𝑃𝑐𝑢 = 𝑢𝑖 = (𝑖𝑅)𝑖 = 𝑖2𝑅 (82) 

where R is the resistance of the conductor. This equation can be modified to present 

these loses using current density and its surface area, while expressing resistance with 

resistivity and conductor’s length by 

𝑃𝑐𝑢 = 𝑖2𝑅 = 𝑖2𝜌
𝑙

𝑆
= (𝐽𝑆)2𝜌

𝑙

𝑆
= 2𝜋𝑙𝜌 ∫ 𝐽2(𝑟)𝑟𝑑𝑟

𝑟0

0

 (83) 

where ρ is resistivity of the conductor, l is the length of the conductor, S is the surface 

area of the conductor, J is the current density and r the radius of a round conductor. 

Current distribution in a conductor is homogenous with DC-current, but when operated 

with AC-currents, this distribution changes in relation to the frequency. This effect is 

called skin effect, which directs more current to flow on the surface of the conductor 

than in its center. Uneven current distribution causes more copper losses. Skin effect is 
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caused by eddy currents, which are discussed in the core losses section. Figure 29 dis-

plays how skin effect can change the current distribution.[10] 

 

 Skin effect on a conductor with different frequencies.[10] 

It is also possible for eddy current from other conductors to change the current distribu-

tion, which causes an effect called proximity effect. This effect is more significant as the 

frequency increases. Figure 30 depicts this effect.[10] 

 

 Proximity effect on a conductor.[10] 
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6.2 Core losses 

Core losses, or iron losses, of an electrical machine are caused by alternating flux in 

the machine. These losses can occur when the machine experiences transients. Core 

losses can be divided into eddy current losses and hysteresis losses.[11] 

 

 Hysteresis loop in a magnetic circuit.[11] 

 When a magnetic field is applied to the core, the magnetic dipoles in the material are 

subjected to torque from the external field, which causes these dipoles to align parallel 

to the applied field. The stronger the magnetic field, the more aligned the dipoles be-

come. When all the dipoles have fully aligned with the magnetic field, the material is 

considered saturated, which produces a limit for the maximum achievable magnetic 

field in the core. The material is magnetized and demagnetized in use, and this periodic 

change can be presented with a hysteresis loop. This loop is presented in Figure 31. 

The area under hysteresis loop is used to magnetize the material and expended as 

heat, This loss is called hysteresis loss.[10]  

Alternating flux induces voltages in the conductive material. This fluctuation creates 

eddy currents, which resist the changes in magnetic flux. Eddy currents in a solid mate-

rial can become enormous, which would prevent the flux from penetrating the material. 

A common method to reduce the effects of eddy currents, and the losses they cause, is 

to build the object from multiple thin laminations or use high resistivity compound mate-

rials.[11] 
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6.3 Mechanical losses 

Mechanical losses in electrical machines occur in form of friction between air and rotat-

ing parts of the machine, which causes the temperature to increase. This friction loss 

can be divided between bearing- and windage losses. Magnitudes of these losses de-

pend on the mechanical design of the machine and the speed the machines are oper-

ated at. Speed affects windage losses more significantly, which is displayed in Figure 

32.[10], [11] 

 

 Bearing and windage losses as speed increases.[10] 

6.4 Stray losses 

Stray losses, or additional losses, are defined by how they are not part of the earlier 

mentioned three losses. IEC standard 60034-2-1 “Standard methods for determining 

losses and efficiency from tests” can be used to calculate these losses by first measur-

ing the total losses and then measuring the copper-, core- and mechanical losses, all of 

these according to the mentioned standard. The difference in total losses and the sum 

of the earlier mentioned three losses is defined as stray losses. Table 1 displays stray 

loss percentages of input power for different electrical machines.[11] 
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 Stray losses in different electrical machines[11]. 

Machine type Additional losses of input power 

Squirrel cage motor 0,3-2 % (sometimes up to 5%) 

Slip-ring asynchronous machine 0,5 % 

Salient-pole synchronous machine 0,1-0,2 % 

Nonsalient-pole synchronous machine 0,05-0,15 % 

DC-machine without compensating winding 1 % 

DC-machine with compensating winding 0,5 % 
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7. EVALUATION OF INDUCTION MACHINE AND 
SYNCHRONOUS RELUCTANCE MACHINE 

In this chapter, induction machine and synchronous reluctance machine are compared 

with each other while also considering their suitability for crane applications. This com-

parison is done by evaluating torque production, field-weakening capabilities, and en-

ergy efficiency. Many comparative studies have been conducted between these electri-

cal machines, for example studies [14]–[20]. The general conclusion of these studies is 

that synchronous reluctance machine is more energy efficient but has a lower power 

factor. One popular application for comparisons for these motors has been the traction 

applications. 

7.1 Crane application requirements 

The capability for flux braking for an electrical machine is considered beneficial. With 

this method, the extra generated power can be dissipated by using it to increase mag-

netization of the machine. For bridge cranes, the horizontal movement needs to be also 

considered. Two motors are placed on the opposite sides of the main girder and they 

need to move at the same speed. 2 induction machines can be driven with a single fre-

quency converter for this application, but synchronous reluctance machine requires a 

dedicated frequency converter for each motor. These frequency converters can then be 

controlled with a programmable logic controller (PLC) that monitors the speed of the 

motors, so they operate at the same speed. Sensors need to be used for speed moni-

toring. For field-weakening operations the capability to reach a speed that is multiple 

times the nominal speed is preferred. When considering torque production, the motor 

should be capable of operating with a high torque in low-speed regions and the motor 

should never be operated at the torque limit that is defined for the motor. The motor 

should be capable of producing at least 150% torque from the nominal. For bigger mo-
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tors the capability to stop an uncontrolled falling load is a feature that can be imple-

mented. Efficiency of the motor should be as high as possible. The temperature of the 

motor needs to be controlled according to the requirements of the different crane appli-

cations. There are different duty types for this, which are defined in standard IEC 

60034-1. Motor control should be capable of handling operations in cold and hot tem-

peratures. It is also a positive feature if the inherent parameters of the electrical ma-

chine can be easily discovered with a frequency converter.[21] 

In addition to requirements mentioned above, capability to follow speed commands ac-

curately is also a feature, which is considered beneficial. Also, motor control should be 

capable of maintaining control during sudden changes in load torque. 

7.2 Torque production 

The main purpose of an electric motor is to produce torque, which is then applied to dif-

ferent loads to realize different applications. It is thus important to evaluate torque pro-

duction capabilities, when two different electrical machines are compared with each 

other. Torque equation for induction machine in dq-reference frame was presented in 

Chapter 4.3.1 using flux linkage terms, but this equation can be simplified and made 

more similar to how the equation was for synchronous reluctance machine by [22] 

𝑇𝑒,𝐼𝑀 =
3

2
𝑝

𝐿𝑚
2

𝐿𝑟
𝑖sd𝑖sq (84) 

where Lm is the magnetizing inductance and Lr is the rotor self-inductance.  It can be 

seen that the only difference in this equation to the SynRM torque Equation (50) is the 

inductance term. 

Break-down torque for the synchronous reluctance machine was presented in Figure 

25, which displays that this torque can be quite low, around 150% of the nominal 

torque. For the induction machine, the break-down torque is around 300%[1]. This re-
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veals one significant difference between these electrical machines. For some applica-

tions higher torque range is required, which might completely remove the synchronous 

reluctance machine as an option. However, these break-down torques are defined with 

nominal values. Electrical machines can be overloaded, which causes the machine to 

intake more current, but produce more torque[13]. This will, however, further increase 

the temperature of the machine, which will limit the use of the machine. If a tempera-

ture limit is defined for torque production that the electrical machine is not allowed to 

cross, this could offer the SynRM opportunities as an alternative for the induction ma-

chine. An experimental study[16] has been conducted, which presents that the trans-

versally laminated synchronous reluctance machine (TLSynRM) has better thermal 

properties than the induction machine, which allows the machine to produce more 

torque. The results of this study are displayed in Table 2, which presents results for 

motors with the nominal voltage of 400 V and the nominal power of 4 kW. 
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 Comparison of induction machine and TLSynRM.[16] 

 IM TLSynRM 

(equal 

torque) 

TLSynRM 

(equal tem-

perature) 

T (Nm) 27,1 27,1 31,7 

ns (rpm) 1202 1100 1100 

nr (rpm) 1101 1100 1100 

av. winding temperature (°C) 104 80 108 

urms (V) 323 305 317 

irms (A) 8,63 9,56 10,8 

Pin (W) 4050 3750 4480 

Pout (W) 3125 3122 3652 

Efficiency 0,772 0,832 0,815 

Fundamental power factor 0,839 0,743 0,756 

Pjstat (W) 442 508 705 

Pjrot (W) 295 0 0 

Ploss (W) 925 628 828 

Pin-Pout-Pjs-Pjr 189 120 123 

Table 2 shows that the SynRM has higher efficiency, but a lower power factor in both 

test cases. The SynRM is capable of producing more torque than the induction ma-

chine when a temperature limit is defined and both of these machines are operated 

continuously at this temperature. Lower power factor cause higher currents for the syn-

chronous reluctance machine, which lead to higher stator losses. It should be noted 

that the SynRM needs more current due to the lower power factor, which might require 

a bigger frequency converter when compared with the induction machine. This will be 

important if the lower break-down torque of the synchronous reluctance machine is im-

proved with overloading. 
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7.3 Field-weakening operation 

With field-weakening, electrical machines can operate at higher speeds than their nom-

inal. Speed is normally increased by increasing the voltage, but this only works below 

nominal speed. To reach higher speeds, the motor control can change the current dis-

tribution between the d- and q-axis by increasing the q-portion of the current and lower-

ing the d. 

To properly model field-weakening capabilities of an electrical machine, first the voltage 

and current limits need to be defined. These can be expressed in dq-current plane as 

circles and ellipses with 

𝑢𝑠,𝑚𝑎𝑥
2 ≥ 𝑢𝑠𝑑

2 + 𝑢𝑠𝑞
2  (85) 

𝑖𝑠,𝑚𝑎𝑥
2 ≥ 𝑖𝑠𝑑

2 + 𝑖𝑠𝑞
2  (86) 

where us,max is the maximum voltage and is,max is the maximum current for the frequency 

converter. The d- and q-voltage terms in the maximum voltage equation are formed ac-

cording to the working principles of the electrical machine being modelled.[22], [23] 

7.3.1 Induction machine 

Induction machine voltage equations in steady state can be modelled with 

𝑢𝑠𝑑 = 𝑅𝑠𝑖𝑠𝑑 − 𝜔𝑒𝜎𝐿𝑠𝑖𝑠𝑞 (87) 

𝑢𝑠𝑞 = 𝑅𝑠𝑖𝑠𝑞 + 𝜔𝑒𝐿𝑠𝑖𝑠𝑑  (88) 

where σ is leakage coefficient, that is defined as 

𝜎 = 1 −
𝐿𝑚

2

𝐿𝑠𝐿𝑟
 (89) 

Using Equations (87) and (88), the maximum voltage equation takes form 

𝑢𝑠,𝑚𝑎𝑥
2 ≥ (𝑅𝑠𝑖𝑠𝑑 − 𝜔𝑒𝜎𝐿𝑠𝑖𝑠𝑞)

2
+ (𝑅𝑠𝑖𝑠𝑞 + 𝜔𝑒𝐿𝑠𝑖𝑠𝑑)

2
 (90) 
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This maximum voltage equation and the maximum current equation can be used to 

draw a limiting circle and an ellipse for the induction machine, which are displayed in 

Figure 33. The voltage limit depends on speed. This limit decreases as the speed of 

the motor is increased. The motor needs to be always operated within these circles.[22] 

 

 Current- and voltage limits for induction machine. Modified from 
[22]. 

Field-weakening has two important speed ranges for the induction machine and the 

first section is displayed in Figure 34. In this figure, field weakening is started from the 

nominal speed point, which is displayed as the point B. As speed increases, the volt-

age limit decreases. If the motor is to be operated at maximum torque, the operation 

should be controlled so the current vector is always kept at the intersection of the cur-

rent limit circle and the voltage limit ellipse. Speed is increased and the operation fol-

lows along the current limit circle until point C is reached, where the field-weakening 

control changes to follow only the voltage limit ellipse. The maximum value for the q-

axis current can be defined with 
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|𝑖𝑠𝑞,𝑙𝑖𝑚𝑖𝑡1| = √𝑖𝑠,𝑚𝑎𝑥
2 − 𝑖𝑠𝑑

2  (91) 

where current limit isq,limit1 is usable, when the field-weakening operation happens be-

tween the points B and C.[22] 

 

 Induction machine field-weakening operation. Modified from [22]. 

When speed is further increased from point C, the voltage limit ellipse continues shrink-

ing and no longer intersects the current limit circle at the angle that corresponds to the 

speed. Due to this change, the voltage limit ellipse now becomes the main limiting fac-

tor for the current. This change is displayed in Figure 35, as the field-weakening contin-

ues from point C into point D. In this region the voltage limit equation can be simplified 

by removing the stator resistance voltage drop and the equation is remodeled into 

𝑢𝑠,𝑚𝑎𝑥
2

(𝜎𝐿𝑠𝜔𝑒)2
≥ 𝑖𝑠𝑞

2 + (
𝑖𝑠𝑑

𝜎
)

2

 (92) 

This equation is usable as long as isq is smaller than isd/σ. The equation for current limit 

for q-axis iq is modified to include rotor flux equation 
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𝜓𝑟𝑑 = 𝐿𝑚𝑖𝑠𝑑 (93) 

which is then included in the current limit equation 

|𝑖𝑠𝑞,𝑙𝑖𝑚𝑖𝑡2| =
𝜓𝑟𝑑

𝜎𝐿𝑚
 (94) 

Figure 34 and 35 also display operating points B’ and C’, that are used to present the 

generator use in field-weakening area.[22] 

 

 Field-weakening operation for induction machine in high-speed re-
gion. Modified from [22]. 

7.3.2 Synchronous reluctance machine 

Voltage equations for synchronous reluctance machine were presented in Chapter 5, 

which can be used to form the maximum voltage limit equation as 

𝑢𝑠,𝑚𝑎𝑥
2 = (𝜔𝑒𝐿𝑞𝑖𝑞)

2
+ (𝜔𝑒𝐿𝑑𝑖𝑑)2 (95) 
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where the stator resistance voltage drop terms have been removed to simplify the 

equation. This equation can be presented using current angle κ and stator current is 

with 

𝑢𝑠,𝑚𝑎𝑥
2 = 𝜔𝑒

2𝐿𝑞
2 𝑖𝑠

2 cos2 𝜅 + 𝜔𝑒
2𝐿𝑑

2 𝑖𝑠
2 sin2 𝜅  (96) 

Current angle can be solved from this equation by 

𝜅 = sin−1 √
𝑢𝑠,𝑚𝑎𝑥

2 − 𝜔𝑒
2𝐿𝑞

2 𝑖𝑠
2

𝜔𝑒
2𝑖𝑠

2(𝐿𝑑
2 − 𝐿𝑞

2 )
 (97) 

where the current angle has been chosen to be between the q-axis and the stator cur-

rent vector.[23] 

 

 Field-weakening operation for synchronous reluctance machine. 
Modified from [23]. 

Figure 36 presents the field-weakening operation for the SynRM. The Current vector is 

again always kept inside of the current limit circle and the voltage limit ellipse. Voltage 

limit ellipse shrinks as the speed is increased and the maximum torque operation point 
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can be found in the intersection of the voltage limit and current limit again. As speed in-

creases when moving from point A into point B, the current angle decreases.[23] 

7.3.3 Evaluation 

When Figures 35 and 36 are compared, it can be seen, that the field-weakening line 

rapidly collapses for the induction machine in the high-speed region, while for the syn-

chronous reluctance machine the operation proceeds smoothly along the current limit. 

This suggests that the SynRM could be capable of producing more torque in this high-

speed region, since the magnitude of the current vector can be larger. Though it should 

be noted that the maximum torque decreases as the speed is increased. This can be 

observed from the SynRM torque Equation (75), where the current angle and the stator 

current are present. Torque receives its maximum value at 45°, and this value steadily 

decreases when the current angle is reduced according to sin 2κ. As the speed is in-

creased to the theoretical maximum value on the q-axis, the current angle is 0°, which 

produces no torque. Torque production for the induction machine can be also pre-

sented using current angle and stator current, when in Equation (84) the d- and q- cur-

rents are transformed to depend on the stator current and current angle, as was done 

for the synchronous reluctance machine. This would show similarly how the maximum 

torque drops as the speed increases until the point C in Figure 34 is reached. Since the 

induction machine has a higher break-down torque than the SynRM, the maximum 

torque for the induction machine is higher in the field-weakening region. This can 

change, however, in the region from point C to point D presented in Figure 35, but in 

this region the torque production capabilities of both of these electrical machines are 

minimal, as Figure 35 and torque equation for the synchronous reluctance machine 

suggest. 
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7.4 Energy efficiency 

In Chapters 4 and 5 the structures of induction machine and synchronous reluctance 

machine were presented describing differences in these machines. In Chapter 6 the 

losses that occur in an electrical machine were presented, and according to these 

causes, one obvious benefit can be observed for the synchronous reluctance machine. 

The SynRM has no rotor windings, which completely removes copper losses associ-

ated with it. This is one of the reasons why the synchronous reluctance machine is 

generally more energy efficient than the induction machine[11], [20]. Synchronous re-

luctance machine has, however, the lower power factor, which increases the current 

machine takes and causes more copper losses in the stator. These results can be seen 

in Table 2. Also, Table 1 displays that squirrel cage induction machine has generally 

higher stray losses than the salient pole synchronous machine. 

 

 Comparison of SynRM and IM efficiencies with different speeds 
and torques. Subfigure (c) displays the efficiency increase when using SynRM 

compared to IM. [20] 

The efficiency difference between the induction machine and the synchronous reluc-

tance machine also depends on the load and the speed the machine is driven at. Fig-

ure 37 presents how the efficiency difference is the greatest in low-speed and high 

torque region, and the lowest in high-speed and low torque area. Table 3 displays the 

nameplate values of these tested motors. 
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 Nameplate values of compared IM and SynRM.[20] 

 Induction motor Synchronous reluctance 

motor 
Power (kW) 15  15  

Current (A) 27,8  33,5  

Voltage (V) 400  370 

Frequency (Hz) 50 50 

Speed (rpm) 1474 1500 

Power factor 0,84 0,74 

Efficiency (%) 92,7 94,2 

Losses in a frequency converter can be also considered when two different motors are 

compared with each other. Figure 38 displays the difference in losses for IM and 

SynRM. It can be seen that the difference is the highest in the high torque and low-

speed region, where the synchronous reluctance machine caused more losses in the 

frequency converter. These losses can be explained due to the lower power factor, 

which increases the required current[20]. 

 

 Difference in frequency converter losses between IM and 
SynRM.[20] 
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7.5 Summary 

Chapter 7.2 considered the torque production capabilities of the induction machine and 

the synchronous reluctance machine. It was found that the SynRM has better thermal 

properties, which allow the machine to produce more torque. In Chapter 7.3, the field-

weakening operation was presented for the induction machine and the SynRM. This 

operation is mostly similar with the compared electrical machines. While nearing the 

maximum speed, the induction machine could produce less torque than the synchro-

nous reluctance machine, but due to the higher break-down torque, generally induction 

machine produces more torque in the field-weakening region. Chapter 7.4 considered 

energy efficiency between the induction machine and the synchronous reluctance ma-

chine. The SynRM is more energy efficient due to the lack of rotor copper losses. The 

findings of this chapter are collected into Table 4. 

 Differences in IM and SynRM 

 IM SynRM 

Torque production Higher break-down torque. 

Less torque / °C 

Lower break-down torque. 

More torque / °C 

Field-weakening Speed curve plummets 

near the maximum speed. 

More torque available 

Smooth operation. Less 

torque available 

Energy efficiency Rotor copper losses. 

Slightly less stator copper 

losses. Lower efficiency 

No rotor copper losses. 

Slightly more stator copper 

losses. Higher efficiency 
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8. TEST SETUP AND PLANS 

The theory of the synchronous reluctance machine suggests how the machine oper-

ates in different conditions, but it is important to conduct practical tests to confirm the 

actual behavior of the machine. This section presents details relating to the practical 

tests of a SynRM, other test equipment and test plans. 

8.1 Test setup 

The synchronous reluctance machine under test is tested against a load machine, 

which is used to generate required load torque. This setup is visualized in Figure 39. 

The SynRM is controlled with a certain frequency converter while the load machine has 

its own different control system. Frequency converter uses sensorless FOC for motor 

control. In this context sensorless means that the motor control does not use sensors 

for speed measurements. This control method follows the principles of direct FOC, 

which was presented in Figure 19 for the induction machine. The applied torque and 

mechanical speed of the motor is measured with monitoring software and sensors. 

Fluke Norma 4000 power analyzer is also applied to measure the active power of the 

motor and the active power of the whole drive system. Appendix 1 provides the config-

uration used for power measurements. Two test scenarios are created to inspect the 

behavior of the machine. In the first tests, the maximum torque of the machine is deter-

mined for different operating speeds when the output current of the frequency con-

verter is limited to 1,5 times the nominal current of the tested motor. The SynRM can 

produce more torque if the machine is allowed to use more current from the frequency 

converter, but the limit of 1,5 times the nominal is chosen to limit the capabilities of the 

machine to more realistic use cases. In the second test cases the efficiency of the mo-

tor and the frequency converter is inspected when the tested motor is loaded with 

lighter loads, which range from 0% to 30% of the nominal torque of the motor. 
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 SynRM connected to load machine. 

8.2 The maximum torque test 

The maximum torque for the tested motor in different speeds is determined by applying 

more load torque from the load machine until the motor control is unable to maintain 

the test speed. Recorded maximum torque in the steady state is the last torque value, 

where the output frequency was capable of following the frequency command at the 

tested speed. Tested speeds range from 0% to 170% of the nominal speed of the 

tested motor. Measurement points are formed by starting from 0% speed and increas-

ing the speed in intervals of 10% of the nominal speed until the maximum speed is 

reached. This test is repeated three times for each measurement point. The results of 

each measurement point are then averaged. Each test run starts from a standstill and 

the motor is accelerated to the test speed. Torque is then applied from the load ma-

chine. The effects of temperature are minimized by waiting 5 minutes between each 

test and measuring that the hull temperature of the motor always stays below 30 °C. If 

the temperature rises above this limit, a longer break is taken between the measure-

ments until the temperature is at 27 °C. The stator windings reach higher temperatures, 

but with this test method the difference should not be too much. 

8.3 Efficiency test 

The motor is tested with 4 different loads, which are 0%, 10%, 20% and 30% of the 

nominal torque. The tested speeds range from 0% of the nominal speed to 160% of the 

nominal. The power analyzer is used to measure the electrical input power of the motor 
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and the electrical input power of the whole drive. Each measurement is done as one 

continuous test run starting from 0% speed and the speed is increased by 10% of the 

nominal speed after 30 seconds have passed for different measurement points. This is 

done until the maximum speed is reached. Measurement data is gathered for 30 sec-

onds per measurement point to better average the fluctuations in the input power. Each 

power measurement is done for the full duration of the test run. Also, each test run is 

performed 3 times in order to average any possible fluctuations in the test data. This is 

performed for 4 test loads. The temperature increase in the tested motor can be con-

sidered small with the tested loads. During these tests it is monitored that the change in 

temperature is always less than 6 °C from the starting temperature. The temperature is 

monitored in the same way as was done in the maximum torque tests. The power 

measurement is done first for the motor input according to the test plans that were pre-

sented above. After these measurements, measurements are done for the motor drive. 

It is not possible to do these measurements at the same time due to the limitations with 

available channels for the used power analyzer. 

To solve the mechanical power of the motor, Equation (1) can be used when the output 

torque and the rotational speed of the shaft of the motor are known. This value is then 

divided by the measured input power of the motor, which forms the equation for motor 

efficiency as 

𝜂𝑚𝑜𝑡𝑜𝑟 =
𝑃𝑚𝑒𝑐ℎ

𝑃𝑚𝑜𝑡𝑜𝑟
∙ 100% (98) 

where Pmech is the mechanical power of the motor and Pmotor is the measured electrical 

input power of the motor. The efficiency of the motor drive can be solved similarly by 

𝜂𝑑𝑟𝑖𝑣𝑒 =
𝑃𝑚𝑒𝑐ℎ

𝑃𝑑𝑟𝑖𝑣𝑒
∙ 100% (99) 

where Pdrive is the measured electrical input power of the motor drive. 
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9. TEST RESULTS AND ANALYSIS 

The motor control used for the synchronous reluctance machine was also tested in var-

ious ways to make sure the motor control is adjusted properly for the tests. Frequency 

converter provided the motor control. The performance of the motor control was 

deemed satisfactory for the tests, but there was still some room left for improvements. 

The saliency ratio of the tested motor is 4,82, which can be considered to be somewhat 

low. 

9.1 The maximum torque test 

The test proceeded as planned and no major difficulties were encountered. Results of 

this test are displayed in Figure 40. One unexpected outcome from these tests was 

how the maximum torque started slowly decreasing with speeds below the nominal. 

This is the most prominent with the 10% speed of the nominal. It was noticed that the 

set current limit of the frequency converter was not reached during these speeds and 

the output current was somewhat lower. This finding is presented in Figure 41. The 

user manual of the frequency converter provided no explanation for this phenomenon. 

However, a guess can be formed for the reason of this behavior: the used frequency 

converter might limit the current that passes through it in lower speeds to protect the 

converter switches from reaching high temperatures that might damage them and re-

duce their usage time. 

The maximum torque of the tested motor below nominal speed was always over 150% 

of the nominal. The motor can be considered usable for crane application when torque 

production is considered. The maximum torque values formed a straight descending 

line for speeds over the nominal. 
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 Maximum torque test results. 

 

 Decrease in output current with different frequencies. 

Other interesting result was how the motor was capable of holding a load of over twice 

the nominal torque in zero speed operation and how the motor control was capable of 

handling this. This situation responds to a possible feature for cranes called load float-

ing, where the load is maintained stationary by producing enough torque from the mo-

tor so the load does not fall[2]. No mechanical brakes are used in this operation. Induc-

tion machines can produce problems for the sensorless motor control in zero-speed 

operations[24], [25], but with the tested synchronous reluctance machine the zero-

speed area was controlled without problems. This result can be considered a clear ad-

vantage for the synchronous reluctance machine over the induction machine. 
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9.2 Efficiency test 

Efficiency tests display that the efficiency of the test motor increases with the load, ex-

cept the test cases using 20% load reached higher efficiencies than with 30% load. Ef-

ficiency results for the motor are presented in Figure 42 and results for the motor drive 

are displayed in Figure 43. Efficiency also increased as the speed was increased, but 

there was a small decrease in the efficiency of the drive in the high-speed region. Fig-

ure 37 displays that efficiency increases with load in the tested load area, which is not 

what the test results presented in the cases of 20% load and 30% load. During these 

tests a sudden instability in the output frequency was discovered in the high-speed 

area, which required minor changes in the parameters of the motor control. This is one 

possible explanation for 20% load test having higher efficiency than 30% load test. Due 

to this change, the test results are not accurate but can be used as indicative of the ef-

ficiency of the motor. If the test setup changes in the middle of testing, the tests should 

be redone. These results are used, because there was no time to redo all of them, 

since the thesis had a predetermined time limit. Test results can also fluctuate because 

the input power of the motor and the drive were fluctuating. The power analyzer rec-

ords values during certain intervals, which might cause the results to differ significantly 

from the average. The fluctuation in the measurements was determined to be approxi-

mately ±6% of the average for the motor input and ±8,5% of the average for the drive 

input.  This possible error was tried to mitigate with 30 second recording time per 

tested speed and conducting 3 test runs for each load. However, increasing the sample 

size by recording each tested speed for a longer period of time and conducting more 

test runs than 3 would be the surest way to get results where possible fluctuations in 

the measured power are minimized. This was not done due to the time limitations. 
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 Motor efficiency test results. 

 

 Motor drive efficiency test results. 

Tests showing the efficiency of the motor drive were naturally less than the efficiency of 

the motor, since the frequency converter losses are now also considered. This effi-

ciency generally increased with the load, but in the cases of 20% load and 30% load 

tests, these efficiencies were close to each other. This result can be possible explained 

with the same reasons that were given to the motor efficiency measurements.  How-

ever, the efficiency of the motor and the motor drive were too low to be considered for 

practical applications. This conclusion can be formed based on the efficiencies of other 

motors of the same power rating. Low efficiency can be explained with the less optimal 

design of the motor. The tested motor can be considered experimental. The frequency 
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converter is a commercial product from a certain manufacturer, which only provided 

limited details relating to the operation of the drive. 

9.3 General remarks 

The fastest time for acceleration and deceleration that motor control could handle was 

3 seconds. These times are defined for acceleration and deceleration for the maximum 

speed of the motor. Better motor control and a more optimally designed motor might 

help with this issue. If faster speeds are required, this can cause problems for the syn-

chronous reluctance machine. A high saliency ratio gives a faster torque response, 

which could help to achieve faster speeds for acceleration and deceleration. Also, 

Chapter 5.3.3 presents a motor control method to achieve the fastest torque response 

for the used motor, which could be used. 

During the general testing of the motor control, the control was capable of handling 

sudden changes in load torque from the load machine with controlled variations in the 

output frequency. Figure 44 displays the results of this test. In this figure frequency 

command is the desired frequency and output frequency is the actual output frequency 

of the frequency converter. The motor was accelerated to nominal speed without any 

load torque and after 5 seconds nominal load was rapidly applied from the load ma-

chine, which caused a reduction in output frequency. After 10 seconds the output of the 

load machine was set to 0, which caused a sudden increase in output frequency. It can 

be seen from Figure 44 that the output frequency did not perfectly follow the frequency 

command during acceleration and deceleration. There was also an overshoot when the 

motor was accelerated from standstill to nominal speed. The motor followed speed 

commands accurately enough. More accurately tuned motor control could provide bet-

ter results. Overall, the temperature of the test motor was relatively low during all the 

tests. Table 5 summarizes the results of the practical tests. 
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 Fluctuations in output frequency due to sudden changes in load 
torque. 

 Results of the SynRM drive practical tests. 

Test Result Conclusion 

Maximum torque produc-

tion below nominal speed 

Always well over 150 % of 

the nominal torque 

Pass 

Zero speed and maximum 

torque 

Remarkable control and 

over 200% torque of the 

nominal 

Pass 

Efficiency Highest efficiency is 

slightly above 60% 

Fail 

Capability to follow speed 

commands 

Slight deviations during 

speed changes and small 

overshoots 

Pass 

Sudden load torque fluctu-

ations 

Motor control maintained 

stability 

Pass 
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10. CONCLUSION 

The aim of this thesis was to consider the feasibility and energy efficiency of synchro-

nous reluctance machine drive in crane application. This goal can be considered to 

have been partially fulfilled. Some requirements and findings were done for the SynRM, 

but these results can not be used to produce a conclusive declaration for the feasibility 

of the synchronous reluctance machine in crane applications. Useful findings were pre-

sented, which display that there is potential for this electrical machine to be used for 

different crane applications, but further research is required. 

First, the thesis presented the basic working principles of cranes and frequency con-

verters. Then the operational principles of induction machine and synchronous reluc-

tance machine were presented to better compare the capabilities of the SynRM with 

the induction machine. The FOC motor control method was presented for both electri-

cal machines and some variations of this control were also displayed. In the compari-

son of the SynRM and the IM presented in Chapter 7, it was discovered that with simi-

larly rated machines, the SynRM has better thermal properties. For field-weakening op-

erations it was discovered that the SynRM might operate better by producing more 

torque when nearing the theoretical maximum speed of the field-weakening area. Over-

all, the induction machine can produce more torque in the field-weakening region, as 

was discussed in Chapter 7.3.3. Comparative tests present that the SynRM has higher 

efficiency than the induction machine due to the lack of rotor windings, which removes 

the copper losses associated with it. The power factor of the SynRM is generally lower, 

which cause the machine to require more current than the induction machine, which 

might require a bigger frequency converter for the drive. 

The synchronous reluctance machine provided for practical tests was capable of pro-

ducing enough torque to be considered for crane applications. The zero-speed capabil-

ities of the SynRM were remarkable, making the machine capable for load floating. The 
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efficiency of the tested motor was too low, but this was due to the experimental nature 

of the motor. Other provided references for motor tests present higher efficiencies for 

synchronous reluctance machines. The tested motor followed speed commands with 

enough accuracy and the motor control was capable of managing situations where 

there were sudden changes in the load torque. Other positive feature of the tested mo-

tor was that the temperature of the motor was always relatively low during the tests. 

To conclude the findings of this thesis, the presented theory and comparative tests did 

not produce any arguments to forbid the use of the SynRM in crane applications. This 

thesis had no time to do practical comparative tests with the SynRM and the IM. For fu-

ture research, this thesis suggests that feasibility for crane applications needs to be ex-

amined more closely by doing comparative tests with an induction machine, which is 

rated for similar use. 
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APPENDIX 1: CONFIGURATION OF POWER 
ANALYZER 

Fluke Norma 4000 power analyzer used for practical tests use the configuration pre-

sented in Table 6. The variable chosen for measuring is “Power Active” with no modi-

fier set and phase option is set to “All Phase(1..3)”. 

 Timing & sync setup used for power analyzer 

Averaging Intervals [s] 0,100 

Sync Source I1 

Sync Level 0 % 

Sync Slope Positive 

Sync Filter 100 Hz 

Sync Output Off 

 


