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on the performance of the machine. 

111. ANALYTICAL MODEL OF A PM SYNCHRONOUS MACHINE 
The analytical model of a small PM synchronous machine 

presented in this section is obtained by detailed consideration 
of its design equations. The model relates the electrical 
equivalent circuit parameters and performance of the machine 
to its mechanical design specifications. It neglects saturation 
effects of the magnetic circuit. 

The machine under investigation in this paper is a 3.5kW, 
8 pole, three-phase PM synchronous machine. It has radially 
magnetised NdFeB PMs mounted on the surface of a solid 
mild-steel rotor core. The resulting airgap flux density 
produced by the PMs is approximately rectangular in shape. 
The machine stator has a full-pitched, distributed, double- 
layer three-phase winding accommodated in semi-closed oval 
slots. The nominal design specifications of the machine are 
summarised in Table V of the Appendix. 

A. Excitation Voltage 
The rms value of the fundamental component of the 

excitation voltage induced in a phase winding of the machine 
can he expressed as [I]:  

where QI is the fundamental harmonic winding factor and 
is the flux per pole due to the fundamental space harmonic 
component of the excitation flux density distribution. 

The flux per pole can be expressed as [I]:  

@,, = 4- [DIP (2) 

where E l ,  is the peak value of the fundamental space 
harmonic component of the excitation flux density 
distribution. 

Furthermore, B,,, can be related to the plateau value Bg, 
of the rectangular airgap flux density distribution produced by 
the PMs, as follows [2]: 

= k J B g  (3) 

where kr is the form factor of the excitation field. 

expressed as [2]: 
In the case of a single smooth PM per pole, kf can be 



k, =:sin(:) (4) 

The plateau value of the excitation flux density distribution 
can be related to the remanent flux density and the relative 
permeability ofthe PMs by the following expression [l]: 

(5) 

where C( is the flux focusing factor, K, is Carter's coefficient 
and p,, is the normalised rotor leakage permeance. The range 
of values forp,, is typically 0.05 - 0.2 [l]. 

B. Synchronous Reactance 
The effective airgap in a PM machine with magnets 

mounted on the rotor surface can be considered constant and 
relatively large. This is due to the relative permeability of the 
PM material being close to unity. The d and q-a i s  
synchronous reactances are consequently identical in this 
machine. The synchronous reactance of the machine can be 
written in terms of the magnetising (X,) and leakage (XI) 
reactances, as: 

x, = x, +x, ( 6 )  

The magnetising reactance can be expressed as [I]: 

(7) 

where the term KJg  +I,/p, in (7) represents the effective 
airgap length in the path of the magnetising flux. This 
includes the mechanical airgap clearance modified by Carter's 
coefficient to account for slotting and the radial thickness of 
the PMs. 

The leakage reactance can be written in terms of the 
specific permeance coefficients associated with the dominant 
leakage flux paths of the stator, i.e. the slot, tooth-top and 
winding overhang leakage flux paths, as [31,[41: 

C. Armature Resistance 
The per-phase resistance of the stator winding can be 

estimated on the basis of the total length of a phase winding. 
This can be expressed as [ Z ] :  

$h-,"ndng =2(1+Lf).Nph (9) 

Furthermore, the per-phase resistance of the stator winding, 
neglecting the skin effect, can be expressed as [2]: 

D. Machine Pe$ormance 
The efficiency of the PM synchronous machine operated as 

a generator can be expressed as 7 = PL/<m , where PabJ is 
the input mechanical power applied to the shaft of the 
machine and PL is the total real power delivered to its load. 
The input mechanical and load powers can further be related 
by: 

Eh/, = c +e. + L  + P', (1 1) 

where Pc. is the total stator copper losses, P,, is the total 
rotational losses and P,,, is the total core losses in the 
machine. 

The total real power delivered to a load on the generator 
can be expressed as [4]: 

PL = 3V,I, cos4 (12) 

Pcu = 31; R,, (13) 

The total stator copper losses can be expressed as: 

The total rotational losses in the machine consist of fiction 
losses in the bearings Pfnc,,on and windage losses Pwihge. The 
total rotational losses can therefore be written in terms of its 
component losses as P,, = 

The total core losses in the machine can be estimated on 
the basis of the hysteresis loss densities in the stator teeth and 
yoke @,,,, pb) ,  and the average eddy current loss densities in 
the stator teeth and yoke ( p , , p , ) .  The total core losses can 
therefore be expressed as [3 ] , [6 ] :  

+ PwE+,e . 

- -  

- - 
eo, = Ye:,,, (Phr + Pa, ) + v,, ( PhV + P a y )  (14) 

where V,,,,* and V,, are the volumes of the stator teeth and 
yoke, respectively. 

Iv. EXPERIMENTAL VERlFICATlON OF THE ANALYTICAL 
MODEL 

The analytical model of the PM synchronous machine is 
verified in this section before it can used to investigate the 
effect of design changes on the performance of the machine. 
This is achieved by comparing the calculated equivalent 
circuit parameters and power losses of a test machine, to the 
values measured by laboratoty experiments. 

The design specifications of the test machine used to verify 
the analytical model are summarised in Table V of the 
Appendix. The test machine did however have 6 discrete 
4xlOx50mm NdFeB PMs per pole with a lmm spacing 
between PMs, instead of a single smooth PM assumed in the 
analytical model above. The form factor of the excitation field 
(4), was thus modified to account for the discrete PMs per 
pole [2],[5]. The resulting rms value of the fundamental 
excitation voltage calculated for this machine was compared 
with that predicted by a Finite Element Analysis (FEA) and 
the measured voltage at various speeds. This is illusbated in 
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The variation (f calculated and measured core and 
resistance and excidtion voltage at 50Hz is shown in Table I. 

rotational losses with speed is illustrated in Fig. 2. 
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I Fig. I .  Comparison of measured and calculated rms value of  fundamental 
excitatiod voltage at variouj rotor speeds (N,) 

I I TABLEI 
COMPAQJSON OF MEASURED AND CALCULATEO EQUIVALENT CIRCUIT 

P & m  FOR m TEST MAcm 
I 

0.002264 0.002293 0.002303 
258.77 262.18 263.13 
1.317 1.571 

rectifier. The armature current of the generator is thus 
assumed sinusoidal and controlled by the converter. 
Moreover, the perceived load power factor at the terminals of 
the machine is also controlled by means of the converter. 
Under steady-state conditions, the converter can therefore he 
fully characterised by the generator armature current I& 
demanded by a fictitious load ZL, connected to each phase of 
the generator. This configuration resembles that of a 
synchronous machine connected to an isolated load. The 
steady-state terminal voltage characteristic of an isolated PM 
synchronous generator is therefore analysed in this section 
together with its operating power capability. 

A. Terminal Voltage Characteristic 
The steady-state terminal characteristic of an isolated PM 

synchronous generator can he determined by considering its 
per-phase equivalent circuit and phasor diagram. For a 
synchronous generator with negligible saliency, this can be 
expressed as: 

vn = ,/E; -Kx~ cos 4 + I ~ R , ~  4)' + I,X, sin 4 - I.R. cos4 

(15) 

Equation (15) can be used to plot a family of curves to 
illustrate the variation of the generator terminal voltage with 
equivalent circuit parameters. 

B. Operating Conditions 
In this section, the terminal voltage characteristic and 

power capability of the generator are used to explore its 
steady-state operating conditions. Equation (12) can be used 
to write an alternate expression for the terminal voltage of an 
isolated PM synchronous generator. Thus, by solving for V ,  
(12) can he rewritten as a function of In and P,,, as: 

Equation (16) can be used to plot the V, va I, variation 
required in order for the generator to deliver PL @cW) to its 
load, at a specific power factor. The constant per-phase 
apparent power (VA) hyperbolas obtained in this manner are 
illustrated in Fig. 3, together with the terminal voltage 
characteristic of the generator at various operating speeds. The 
terminal characteristic relates to operation of the generator at a 
constant load power factor of 0.76 leading, over a range of 
speeds from 60% to 120% of its rated speed. 
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Fig. 3. Constant per-phase apparent power hyperbola with terminal voltage 
characteristic of generator at various speeds 

Point A in Fig. 3, defmes the terminal voltage and current 
at which the machine will operate when required to deliver 
rated power at rated speed to an isolated load at a power factor 
of 0.76 leading. Moreover, the intersections between the 
terminal voltage characteristic c w e s  and the constant per- 
phase apparent power hyperbola determines the operating 
points of the generator when required to deliver this power to 
a load at various speeds. 

The operating points can be determined by equating the 
expressions for each of the curves. This results in a 4' order 
polynomial, which when solved for the smallest positive real 
roots results in the armature current that the generator will 
operate at when delivering the required real power to its load 
at the specified speeds and power factor. 

The operating currents obtained in this manner can be used 
to evaluate the performance of the generator when delivering 
the required real power to its load at various speeds. 
Furthermore, it can be used to evaluate the performance of the 
generator when design changes are investigated in order to 
restore the output power capability of the generator at low 
operating speeds. 

changes necessary in order to restore the output power 
capability of the generator are evaluated on the basis of the 
overall efficiency of the generator, its equivalent circuit 

design change on the efficiency of the generator is illustrated 
in Fig. 4. 
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Fig. 4. Effect of a change in the number turns per phae  (N+) on the 
efficiency of the generator 

The family of curves in Fig. 4 illustrates the variation of 
the generator efficiency with speed, as the number of turns per 
phase is increased i?om 60% to 1 80% of the nominal value, in 
20% intervals. Furthermore, the dotted line represents the 
variation in generator efficiency, when all its design 
specifications are at nominal values. It can he seen fiom the 
figure that the generator becomes capable of delivering rated 
power to its load at lower speeds as the number of tums per 
phase is increased. Moreover, the efficiency of the generator 
improves with an increase in the number of turns per phase 
when delivering rated power to the load at reduced speeds. 
The effect of this design change on the efficiency and on two 
other performance indicators is summarised in Table 11. With 
reference to the table, the specific electric loading (SEL) is the 
rms value of the stator peripheral current density and J is the 
stator conductor current density [4]. 

TABLEII 
COMPANSON OF MaCHIh'E PERFORMANCE AT FULL-LOAD, FOR CHANGE IN 

N,, AT RATED SPEED (75oRPM) AN0 REDUCED SPEED OPERATION 

VI. EFFECTS OF DESIGN CHANGES ON THE PERFORMANCE OF r I Channn in Al I 

With reference to Table 11, the relatively high efficiency at 
rated speed is a direct result of the low operating current 
density due to oversized conductors, and the low armature 
current required due to the large excitation voltage induced in 
the stator winding hy its many turns per phase. The machine 
with nominal design specifications is unable to deliver rated 
power to a load, whilst operating at 300rpm. Increasing Nph 
makes operation at 300rpm possible, whilst maintaining the 
relatively high efficiency and low current density. "he SEL 
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I .  . machine was also increased by 40%. 
with reference to FE. 5, It can be Seen that the magnetising The nominal and compromised design specification of the 

generator is compared in Table 111. The equivalent circuit 
parameters, flux density levels and total mass is also 
compared in the table. The eficiency of the generator with 

and leakage reactaces increase significantly, as these are 
proportional to the !quare of Nph. A 40% increase in NPh will 
thus result in a 96% increase in the reactances. Furthermore, 
the armature resistance increases linearly as the total length of nominal and compromised design specifications is 
copper increases +th Nph. The slot-fill factor increases in Fig, 6, The fUll-load performance of the generator with 

compromised design specifications is summarised in Table proportionately with this design change. In assessing the 
machine under conhderation, it was observed that the stator 
slots would onlv bd able to accommodate a 10% increase in 

I 

for operation at various reduced 

a 10% increase in the slot-fill factor. The 
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255 
270 
300 
330 

Full-load performance 

J [A/mm*] ' SEL [A- 
II P I  Cond./m] 
90.43 32,651 2.600 
91.21 30,839 2.456 
92.38 27,812 2.2 15 
93.20 25,375 2.021 
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