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The design guidelines for the permanent magnet 
synchronous motors for fan and pump drives 

The algorithm for determining the optimal working point of electric drives for fan 

and pump systems has been developed. The procedure allows to calculate the fan or 

pump generated full-load characteristic of the driving motor. The algorithm of 

preliminary design of permanent magnet synchronous motor for such type of drives 

has been proposed. It can be used to define the set of initial points in the permanent 

magnet motor optimization processes. The algorithm and computer software for the 

cogging torque minimization has been also developed. 

1. Introduction 

Electric drives for ventilation and drainage systems used in mining industry represent 

significant part of all electric drives. Thousands of electric motors with power ranging from 

just a few kilowatts to several megawatts are used in the ventilation systems. The second most 

power consuming systems are the drainage systems in which mainly the impeller pumps are 

employed pumps. Overall power usage of these systems in the mining industry in Poland can 

be counted in gigawatts. Proper design of the drives and the control systems is crucial to 

minimize energy consumption in this sector. 

Asynchronous drives are usually used in these two systems, with the exception of the most 

powerful fan drive applications, where synchronous motors are employed. It can be observed, 

however, that the nowadays the tendency to use synchronous motors for the less power 

demanding applications is becoming more popular. Permanent magnet synchronous motors 

using high-energy magnets made with neodymium-iron-boron (ND-Fe-B) alloy, are 

particularly effective in these applications. The constant angular speed ensures constant air or 

liquid flow rate in any given period of time. Such drives have also higher power coefficient 

and have grater energy efficiency due to lack of power loss in the rotor. 

Use of the variable-speed drives is the most efficient way to control the air or liquid flow. 

Control systems for synchronous motors are much simpler than those used to control 

asynchronous drives. Prior to design of efficient synchronous motor and its control system it 

is necessary to determine load characteristics of fan or pump, i.e. the relation between thje 

torque and angular speed.  

In modern design processes of electromagnetic devices the optimization procedures, 

especially genetic, particle swarm or evolutionary algorithms are often employed. In these 

algorithms it is usually necessary to define the set of initial points (particles, individuals). 

Points in n-dimensional space correspond to various options of the designed object described 

by n-design variables. The convergence of the optimization process strongly depends on the 

selection of the proper initial variants (i.e. initial dimensions of the design device). The 
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designer intuition plays important role in this process. At this stage of the optimal design 

process, the collection of relatively simple rules can also be helpful.  

The size of each electric motor is determined by the following two basic dimensions: 

stator internal diameter D and so called idealized stator core length Li. The product iLD2
 

determines the stator inner space volume and it is approximately equal to the rotor volume. It 

is well known that this product is approximately proportional to the motor rated 

electromagnetic torque.  This statement is the starting point in designing of the motor, i.e. 

determination of the motor main dimensions: D and Li. Other main parameters, e.g. stator 

external diameter, depend on the number of poles and the rated voltage. Determination of 

permanent magnet synchronous motor stator main dimensions however, requires 

minimization of the cogging torque in addition to rated and start-up parameters. 

The rotor dimensions, especially the permanent magnets dimensions, depend on: the 

number of pole pairs, the type of hard magnetic material used, the width of the air gap, stator 

magnetic circuit reluctance and permissible linear current density in the stator winding.  

2. Determination of the working point of the ventilation system 

The rated flow rate QN [m
3
/s] at rated speed nN  is the basic parameter characterizing 

the fan or pump. Value of the fan flow rate demand and characteristic of the ventilated system 

Q = Q(p), where p is the differential pressure, must to be given prior to the fan system 

design process. The aerodynamic resistance of the ventilated objects strongly depends on the 

rate flow Q, therefore the characteristic Q = Q(p) is strongly nonlinear. This characteristic is 

usually presented in an inverted coordinate system, i.e.:  Qfp   – Fig 1.  

The characteristic of the turbo-machine (fan or pump) is also given in the same 

coordinate system. The pressure difference between the two sides of the fan decreases as a 

result of decreasing aerodynamic resistance of the ventilated system, i.e. with the flow Q 

increase. Fan characteristics p = f (Q) is decreasing function – Fig. 1.  

The point of intersection of these two characteristics (point KN in Fig. 1) determines 

the working conditions of the system fan-ventilated object, i.e. system source-load. 

 

Fig. 1. Determination of the optimal working point of the system: fan-ventilated object. 

Fan power output is equal to the product of differential pressure and flow rate values: 

QpPw   [5]. If Q = 0 or p = 0 then the power 0wP . This means, that there is an 

optimal working point  optoptopt pQK ,  with the maximum fan output power – Fig. 2. 

 



 

Fig. 2. Determination of the fan characteristics. 

The motor rated power can be expressed as follows: 
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and its rated torque: 
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where N , wN  are the rated values of angular speed and efficiency, respectively. 

The rated working point of selected fan should correspond to the maximum output power.  

Rated power and rated torque of the driving electric motor can be determined on the basis of 

the relations (1) and (2). 

3. Determination of full-load characteristics 

Adjustment of the fan flow rate can be achieved by control of the motor angular speed. 

Flow rate of the fan at constant differential pressure is proportional to the speed and 

differential pressure at constant flow rate is proportional to the square of the speed [1,5], i.e.: 
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Fan characteristic and optimal working point of the system for any angular speed that 

differs from rated value, can be calculated on the basis of relation (3). Figure 3 shows the set 

of the fan characteristics for N  and   = 0,9; 0,8; 0,7; 0,6 N . Points of intersection of 

these curves and the characteristic of the ventilated object determine operating states 

(conditions) of the system at relevant speed values. 

Assuming that the aerodynamic resistance is proportional to the speed and efficiency 

of the fan is speed independent than equations (3) show that the torque is proportional to the 

square of speed. In the real system, however, flow rate and differential pressure values change 

with variations of the angular speed of the fan. Relationship of these two parameters is highly 

nonlinear in relation to both: fan and ventilated system [1,5].  



In order to determine the fan generated full-load characteristic  mT  of the driving 

motor the computer software has been developed. The software allows to determine set of fan 

characteristics for a selected range of speed and compute the set of operating points  ii pQ ,  

– Fig. 3. Points  mii T,  of load characteristics are calculated according to the formula: 
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where NNN pQTm  00   relative static friction torque, 0
1 1 mwNt     relative friction 

coefficient, q  exponent characterizing dependence of friction torque on speed. 

 

 

Fig. 3. Determination of characteristics for different angular speeds 

 

An exemplary load characteristic constructed on the basis of equation (4) is shown in Fig. 4. 

 

Fig. 4. Load characteristics Tm() 



4. Determination of the rated torque and pump generated load 
characteristics of the driving motor 

In the mining industry mainly the impeller (rotodynamic) pumps are employed. In the 

underground mines the pumps are used for drainage of mine faces and drawing levels. 

Drainage pumps up to 6 kW are used on the rock walls, pumps up to 20 kW are used for 

dewatering of mine faces. Units up to 90 kW are used for pumping water between the 

intermediate levels. Pumps with power output of more than 1 MW are used to extract water 

directly onto the surface (even more than 600 m). In strip mines pumps are used to active 

drainage and boreholes dewatering. [  ]. 

Operation of the impeller pump is very similar to the axial flow fan operation. It crates 

differential pressure between the inlet and the outlet of the pump. A characteristic aspect of the 

impeller pump is reverse flow of liquid after the pump stops, caused by the  water column 

pressure. In such case the pump start-up is often done at considerable high initial load and 

therefore, the driving motor must have high starting torque. On the other hand, the inertia of the 

rotating parts of the pump is noticeable smaller than inertia of the comparable capacity fan and 

in this respect the pump star-up process is less demanding. 

The basic parameter characterizing the pump is its rated output capability (i.e flow 

rate) QN [m
3
/s] at rated speed N. The other key parameters of the pump are: pressure 

expressed in height H of the water column (called the pump pressure head or elevating head 

or delivery head), power P and efficiency η. They are presented as a function of the pump 

flow rate Q and are called pump characteristics. The most important characteristic is 

dependence of the pump lifting head H on the flow rate Q, at constant angular speed. It is so 

called the throttle curve. This characteristic can be stable or non-stable – Fig. 6. Stable 

characteristic is monotonically descending curve and maximum of the pressure head H occurs 

at flow rate Q = 0. In the case of non-stable characteristics, the same value of pressure head H 

corresponds to two values of flow rate Q. 

The pump installation consist of numerous components. Hydraulic losses rH  are 

caused by viscous friction between the liquid and the installation. System is characterized by 

the dependence of hydraulic losses (expressed in meters of height of water column) on the 

flow rate. These losses depend on the shape, diameter and length of pipes, type and dimension 

of valves and pipe fittings and, of course, on the velocity of flow. The operating point of the 

system is located at the intersection of pump and installation characteristics – Fig. 6. The 

pump pressure head H have to be equal to the sum rH  of hydraulic losses. If there is 

difference in level Hg between the beginning and the ending of the installation, than the pressure 

head rg HHH  (8). Characteristics of the installation and the pump are shown in Fig. 5. 

Point B of intersection of these curves is the optimal working point of coordinates pp HQ , . If 

the hydraulic resistance of installation will increase, e.g. due to the pipe bend or connecting 

smaller diameter pipe, the optimal working point moves to point C. The pump lifting head 

will increase to the value pH   and its flow rate will decrease to the value pQ . 

Rated torque of the driving motor can be expressed as: 
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where:   is the specific gravity of liquid. N , pN  are the rated angular velocity and rated 

pump efficiency, respectively. 



Pump, in respect to the entire system, should be selected in such a way, that the 

nominal working point should close to the optimal point, which in turn corresponds to the 

maximum power output and the maximum efficiency of the pump. 
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Fig. 5.Optimal working point of the system at constant speed, for different installation characteristics: 

(A) without initial pressure head; (B) with initial head Hg and (C) with initial head Hg and increased 

hydraulic resistance 

 

The pump flow rate (at constant pressure head) is proportional to the angular speed 

and pressure head (at constant flow) is proportional to square of the speed. On that basis, the 

pomp characteristics and the optimal working point for any speed   different than the rated 

value N  can be determined. Fig.  8 shows the set of characteristics for N  and 

N1 ;  12  . Points KN, K1, K2, define the states of the system relevant to these speeds. 

In the systems with variable speed the pump flow rate and pump pressure head vary 

freely with the change of the speed. Relationship between these parameters in respect to both: 

the pump and the installation is highly nonlinear. 

The full- load characteristic  mT  of the pump can be calculated in similar way as in 

case of fun. generated by the pump the computer software has been developed. The software 

dedicated to this purpose has been developed. It allows to: enter data describing the pump and 

the installation, determine the optimal working point of system, determine the set of pump 

characteristics for selected range of speed (Fig. 9), determine the set  ii HQ ,  of optimal 

working points for different speeds i  and corresponding values of torque: 
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The points calculated according to (6) allow to determine load characteristics  mT  – Fig. 6. 

The expression (6) is valid only for angular speeds i greater then critical value c, which 

corresponds to the point of intersection of the pump and installation curves at Q = 0. 

 



 

Fig. 6. Determination of load characteristics Tm() for freely various flow rate and pressure head 

 

5. The initial selection of the permanent magnet excited motors main 
dimensions 

Product wi VLD 2
 determines active volume inside the stator. Almost from the 

beginning of the development of the design methods, in order to determine dimensions D  and 

iL , so-called machine-constants, e.g. Arnold’s or Richter’s constant, were used [1]. If these 

parameters are considered as truly constant numbers than electromagnetic torque of the 

machine is approximately proportional to the active volume, i.e. wTVcT  . In reality, these 

parameters depend (to a certain extent) on the size of the proposed machine, the rotational 

speed but mostly depend on the kind (quality) of used materials: conductive, ferromagnetic 

and insulating. In the case of permanent magnet excited motors constant cT strongly depends 

on the type of hard magnetic material the permanent magnets are made of. The constant cT 

can be estimated using e.g. the method of volume forces. Force acting on a single wire of the 

stator coil: ipzr LsJBf  , where Jz is the current density in the wire, Br is the radial 

component of magnetic flux density vector, sp is the cross-section area of the wire. After 

integrating with respect to the whole winding area one obtains: 
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where g is a thickness of conducting layer, product  az = gJz() denotes the linear current 

density (called “specific electric loading”) [1]. Taking an average value T5,0rB  and 

average value kA/m50za , which is typical for the machines with the power ranging from 

few to tens of kilowatts [1], the following constant can be derived: 
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Data on a wide range of permanent magnet exited motors has been collected in [4, 5]. 

Fig. 7 shows dependence of the volume Vw=D
2
Li on the rated torque TN of motors using 

NdFeB magnets (curve 1) and ferrite magnets (curve 2). 
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Fig. 7. Dependence of the volume Vw = D

2

iL  on the rated torque of motors using NdFeB magnets 

(curve 1) and ferrite magnets (curve 2). 

 

Fig.7 can be useful in determination of the proportionality constant cT. For motors with 

neodymium magnets cT  is approximately equal to ]/m[105,14 33 N . It is consistent with the 

results estimated in the above considerations – relationship (8).  

In paper [4] it has been shown furthermore, that the relationship between the volume  

D
2
Li and the rated torque TN of motors using NdFeB magnets can be compared to the same 

relationship in the case of modern induction motors. Therefore, it is a good basis for the 

preliminary selection of the main dimensions of the motor made of this type of magnets. 

When using ferrite magnets (curve 2 , Fig.1.) constant ]/m[108,4 33 NcT  .  

Residual magnetic flux density (remanence) rB  of modern anisotropic ferrite 

materials is approximately 0,4 T and average remanence of neodymium magnets T2,1rB . 

If it is assumed that the length of the magnets is chosen according to their coercive force cH  

in such a way, that the demagnetizing effect is the same regardless of the type of material, it 

can be assumed that the constant Tc  is proportional to the material remanence and 

approximately is equal: ]mN[1012 33
rT Bc  . 

Second parameter determining main stator dimension is slenderness ratio DLiL  . 

Slenderness ratio of the designed machines increases with the increase of torque. This means 

that more torque is achieved by increasing the length Li of the machine, not its diameter D. 

This is due to mechanical constraints, but also due to the tendency to reduce the moment of 

inertia. Furthermore, for the machines with larger slenderness ratio, winding ends are shorter 

and their share in the total winding mass, resistance and power losses is significantly lower. 

Relationship  NL Tf  is shown in Fig.2. 

Another important stator dimension is the external diameter zD . The ratio Dz kDD   

of outer and inner diameters of the AC machines stator depends on the rated voltage UN and 

on the number p of pole pairs [1]. In case of low voltage machines with number of pole pairs 

,4,3,2,1p the ratio 7,14,1 Dk . In case of high voltage motors the ratio 75,15,1 Dk  

(the greater values refers to the machines with smaller number of poles) [1]. 
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Fig. 8.  Dependence of slenderness ratio on required rated torque 

 

Based on the data presented in Fig. 7 and Fig. 8  the following main dimension can be 

pre-estimated for required rated torque NT : 

 internal diameter of the stator: 333 044,0
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 stator core length:   DL Li   

 external diameter of the stator: DkD Dz   

 external diameter of the rotor:  2DDw  

Above dimensions, as well as the air gap width , can be corrected during recursive 

design process. Moreover, parameters: D, Li, , L and kD are usually the most important 

elements of the set of design variables in motor optimizing process. 

6. The initial selection of the magnet dimensions  

Various designs of the rotor are used in permanent magnet electrical machines [2, 3, 8]. 

Their classification results from the direction of magnetization of the magnets and the method 

of the magnet mounting. There are two major groups of the motors: (a) with radial 

magnetization, (b) with circumferential magnetization. An algorithm for the dimension 

selection of the magnet in the shape of a ring segment is presented. Such shape can be taken as 

an initial estimate in the finding process of the optimal shape and dimensions of the magnets.  

Magnet arc width mb  derives from the diameter D and the number of the pole pairs. 

Equivalent, resultant length ml  of the magnets (i.e. length in the direction of magnetization) 

forming pair of poles results from an external circuit reluctance and the maximum 

demagnetizing magneto-motive force (ampere-turns). Due to the very high coercive forces of 

the modern ferrite magnets and rare-earth magnets, the demagnetization curve is essentially a 

straight line. Their relative permeability: 1,101,1 w . In order to determine the working 

point of the magnet, an algorithm and computer software were developed. 



In the analysis, it is convenient to describe the states of the system magnet-external 

circuit coordinates: mlHV   and imm LbBSB  . In the absence of the external 

demagnetizing ampere-turns the working point is the point of intersection of the magnet 

demagnetizing curve and mirror of the external circuit magnetizing characteristic   Vf . 

However, in the case of the existence of the external demagnetizing force z , shifted 

characteristic  zVf    must be taken into account  Fig. 9. 

Permanent 
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Fig. 9. Determination of the working point of the permanent magnet with demagnetizing magneto-

motive force 

 

The main part of the overall reluctance of the machine magnetic circuit is reluctance 

R  of the air gap. In the preliminary calculations, the ampere-turns drop in the ferromagnetic 

parts of stator core can be calculated by using so-called saturation factor  VVk Fens 1  

where FeV  is a sum of ampere-turn drops in the core. This approach comes down to 

replacement of magnetic circuit of the stator with equivalent (resultant) air gap width 

 nsckk2 , where ck  is so called Carter’s coefficient [1, 4].  

Assuming therefore, an alternative, simplified structure of the magnetic circuit in the 

form presented in Fig. 9, the coordinates V ,  of the intersection of both characteristics can 

be easily determined, i.e. the coordinates of the magnet working point. After being divided by 

ml  and mS  respectively, the coordinates H, B of the magnet working point can be calculated: 
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The magneto-motive force of the stator pole pair depends on the dimensions of the 

machine and the number of poles: pDaa zzz 2 , where az is the average specific 

electric loading in A/m [1, 3],   is the pole pitch. On this basis, the length of the magnet 

which ensures the postulated magnetic flux density of value B can be estimated as follows:  
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At no load operation, the average magnetic flux density in the air gap is of order of 

90 % of remanence rB . It means that if the reaction of the stator is omitted the length of the 

magnets should be taken as follows   98ml .  

In order to estimate the influence of the stator field, 1w  and 8ml  have been 

assumed. With the omission of demagnetizing ampere-turns the flux density rBB 89,00  . 

However, taking into account the demagnetizing stator reaction, based on assumption: 

T2,1rB A/m; kA/m20za , D = 10 cm and p = 4 the following result is obtained: 

rBB 85,0 . In the case of large machines with a small number of pole pairs, the stator field 

impact on the magnets working point is significantly larger. For example, if p = 2 the magnetic 

flux density decreases to the value rBB 82,0 , and if p =1 – to the value rBB 74,0 . Specific 

electric loading in high power machines can exceed 50 kA/m. If az = 40 kA/m, for p = 1 

magnetic flux density in loaded motor decreases to rBB 6,0 . Omission of the influence of 

the stator field reaction on the magnet working point, where magnet length was selected 

according to no load state, might result in considerable errors. 

If the reaction of the stator field is neglected, the magnet length should be selected in 

proportion to the length of the equivalent air gap:  mm kl . In the case of machines with 

larger power output, especially the machines with two poles, taking stator reaction into 

account, the coefficient mk  should be selected from the range 2010 . 

7. Selection of the motor parameters in terms of cogging torque 
minimization 

The initial design of the stator requires: selection of slots number, selection of shape 

and slots dimensions, determination of the yoke dimension and selection of the type and basic 

parameters of winding. 

Due to the expected motor electromagnetic parameters and the possibility of using 

more types of windings, the stator slots number sN  should be as great as possible. Increase in 

number of slots is of course associated with an increase in manufacturing cost. However, the 

more important restrictions arise from the need to limit the slot leakage magnetic flux and the 

cost of slot insulation. For example, the width of the slot sb  in the machines with voltages 

500 and 1000 V shall not be less than approx.  8  14 mm, in the machines with voltage 

6000 V  10.5  16 mm (larger values are related to machines with a higher pole pitch) [1]. In 

order to estimate the number of the slots in these two cases, the average values 

10sb  and 13sb mm have been assumed.  

Assuming an optimum ratio sk  of slot ending width sb  to the slot pitch t  in the range 

5,04,0  sk (lower value applies to high power machines [1]) the following stator 

parameters can be pre-determined: 



 number of stator slots:   
s

ss
b

D
kN


  

 slot pole pitch:    sNDt   

 number of slots per pole and phase:  
mp

N
q s

2
  

Fractional number of slots per pole and phase can be obtained as a result of use of 

winding consisting of at least two different groups of coils. 

In the case of permanent magnet motors, generation of an additional reluctance torque 

(cogging torque) is one of the most important problems. Reluctance torque is a result of 

change of the number of teeth within one pole pitch during rotation, in other words, due to the 

change of equivalent air-gap reluctance within one magnet pole. The cogging torque causes 

the electromagnetic torque pulsation and hinders the motor start-up. 

The cogging torque can be greatly reduced by the use of skewed stator slots or slanted 

rotor magnets, but this obviously will increase the cost of motor manufacturing. Significant 

reduction or even elimination of the cogging torque can be achieved by proper selection of the 

number of slots in the stator and the magnet pole span in the rotor. The optimal relations 

between numbers of pole pairs and the number of stator slots, taking the minimum cogging 

torque into account, are summarized in Table 1 [6]. 

 

Table 1. The optimal relations between number of pole pairs and the number of slots in permanent 

magnet synchronous machines 

Number  

of pole 

pairs p 

Number of slots 

1q  
4

1
1q  

2

1
1q  

4

3
1q  2q  

2

1
2q  3q  

2

1
3q  4q  

1 6 - 9 - 12 - 18 - 24 

2 12 15 18 21 24 24 36 42 48 

3 18 - 27 - 36 - 54 - 72 

4 24 30 36 42 48 60 60 84 96 

 

In order to quantify above relations, the software supporting optimal selection of the 

number of slots in relation to the number of pole pairs was developed. The minimum cogging 

torque has been taken as criterion. 

Two-dimensional (2D) field model of the electromagnetic phenomena has been 

applied. The structures of the selected permanent magnet synchronous machines were 

examined [3, 6]. A number of calculations have been made for the number of pole pairs 

p = 1, 2, 3, and the number q of slots per pole and phase in range 1÷3, including fractional q. 

In the calculation two design variables has been assumed: 

 pole pitch cover coefficient  mbk , 

 relative slot opening width tbk st  . 

Maximum absolute value of cogging torque  


zz TT maxmax , were the rotor turning 

angle  interval corresponds to one slot pitch, has been assumed as a comparative criterion.  

Below are presented sample results of calculations for the classic salient pole-shoe 

permanent magnet synchronous motor (Fig. 4) with the following parameters: diameter 

D = 94 mm, length Li =125 mm, number of pole pairs p = 2 (   73,83 mm), number of stator 

slots sN  = 36 (q = 3, t= 8,2 mm), the pole pitch cover coefficient  mbk = 0,56 and 

relative slot opening width tbk st  = 0,4. 



Figure 10 illustrates the dependence of the cogging torque on the rotor angle   (green 

axis) and on the pole pitch cover ratio k  (blue axis) for two values of the relative slot 

opening width (a) tk = 0,4 i (b) tk =0,5. Graphs has been drawn for the range of angle changes 

  10,0  and for  86,02,0 k . 

 (a)               (b) 

            
Fig. 10. Dependence of cogging torque on rotor angle  and on pole pitch cover factor k  for: 

(a) 40,tk  and (b)  50,tk  

 

Figure 11 shows the relations between the maximum absolute value of cogging torque 

maxcoT (assumed as a comparative criterion) and relative width of the pole  mbk  for five 

values of relative slot opening width tbk st  . This Figure shows that the cogging torque 

strongly depends on the relation between dimensions of the rotor pole and number and 

dimension of the stator slots and teeth. In the considered case, the cogging torque minimum 

corresponds to pole pitch cover k =0.66; the cogging torque is almost four times smaller than 

for motor with relative pole width k =0.70 and up to six times smaller than for k =0.58. 
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Fig. 11. Dependence of cogging torque on the pole pitch covering k  and relative slot ending width tk  



In the optimal design process the genetic algorithm can be used. The number of slots 

will be the coordinating variable in this process, while the relative sizes:  mbk , 

tbk st 11   and tbk st 22   will be the continuous design variables. 

 

5. Conclusions 
The developed software allowing to determine the optimal working point of fan or 

pump system can be used in the design of efficient driving motors. It also allows to determine 

the load characteristics, which can be used in the design of the engine control system.  

The convergence of the optimization procedure strongly depends on the selection of 

the proper dimensions of the device initial variants. Presented algorithm for selection of the 

permanent magnet synchronous motors main dimensions can be used for defining the set of 

initial points in the optimization processes. Elaborated software for the determination of the 

permanent magnet working point can be helpful in the synchronous and brushless direct 

current motors design. The another computer software can be used to support the design 

process of the magnetic circuit, taking the minimization of the cogging torque into 

considerations. It allows to determine the optimal rotor pole and stator slots dimensions. 
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