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Abstract—The connection of synchronous generators directly
to renewable energy micro-grids has the advantage of increasing
the short circuit strength of the micro-grid. If these generators
can also be part of converting renewable energy, such as wind and
hydro energy, to electrical power, then it is a further advantage.
In this paper the impedance matching of such a directly grid-
connected permanent magnet generator, with the grid subjected
to power and grid voltage variability, is investigated. It is shown
that the optimum reactance for best impedance matching is 0.5
per unit at an optimum induced back electromotive force (EMF)
voltage of 1.05 per unit. Additionally, laboratory testing of a
direct-grid connected permanent magnet synchronous generator
is conducted and its performance evaluated for varying grid
voltages and input power conditions.

Index Terms—Synchronous generator, permanent magnet,
direct-grid connected, impedance matching, grid voltage vari-
ation

I. INTRODUCTION

As the ratio of inverter interfaced renewable energy sources

to synchronous generators increases, future power systems

may experience reduced short circuit strength due to the lack

of rotational inertia present in the system [1], [2] and due to

the limited overload capability of inverters (typically between

1.0 and 1.2 pu) [3]. A power system’s short circuit ratio (SCR)

is commonly used as an indicator of a system’s strength and

provides an indication of its voltage regulation or ”stiffness”.

When a power system’s short circuit strength is insufficient,

it becomes more susceptible to voltage instability caused by

changes in load and/or faults. This is especially relevant for

mini- and/or micro-grids which predominantly comprise of

inverter interfaced solar-photovoltaic (PV) arrays and wind

turbines which are connected to relatively weak areas of the

grid [4]. This is because their control functionality depends,

in-part, on a stable grid-reference voltage and phase angle [5]–

[7]. The issue of voltage instability is especially relevant for

micro-grids operating in islanding mode, when the main grid is

no longer available to provide support in terms of the reactive

power required to maintain voltage stability [8] or, in the event

of a fault, the short-circuit current required to trip the circuit

breakers within the micro-grid [9].

Synchronous generators (SGs) and synchronous condensers

(SCs) are strong voltage sources capable of supplying rela-

tively large amounts of short circuit current in the event of a

grid-fault. Consequently, connecting SGs and/or SCs directly

to micro-grids has the advantage of increasing the micro-

grid’s short circuit strength, as well as improving the system

inertia and voltage regulation [10], [11]. Moreover, SGs have

been shown to improve the dynamic stability of mico-grids

containing PV and inverter-interfaced wind turbines during

grid faults and unplanned islanding events [12]. Additionally,

SGs have an additional advantage over SCs as they can

contribute to power generation within the micro-grid.
An example of a direct-grid connected SG utilizing a renew-

able energy source is the hybrid excitation synchronous gen-

erator (HESG) proposed by [13] for use in small hydropower

systems. The HESG consists of two rotors, one of which is a

permanent magnet rotor, and the other being a wound rotor.

The two rotors share a common stator, which is synchronized

with the grid with the help of damper windings. Another

example of a direct-grid connected SG utilizing a renewable

energy source is the slip-synchronous wind turbine (SS-WT),

as shown in Fig. 1. The SS-WT classically consists of fixed-

speed turbine blades, a slip-permanent magnetic coupling (S-

PMC) and a conventional permanent magnet synchronous

generator (PMSG) which is directly connected to the grid [14].

It is the S-PMC which provides the damping to the drivetrain

which allows the PMSG to be directly connected to the grid

without the need for damper windings or a power electronic

converter [14].

PMSG

GridS-PMC

Fig. 1: Example of the SS-PMG wind turbine system where the SG is directly
connected to the grid.978-1-7281-4162-6/20/$31.00 ©2020 IEEE



However, the fixed-flux nature of directly grid connected

PMSG-based wind turbines means that its performance is

highly susceptible to grid voltage variations. Furthermore,

fixed-speed wind turbine systems have relatively low efficien-

cies during periods of low wind speed (low-power) as there

is no power converter to adjust the turbine’s speed to extract

the maximum power for a particular wind speed. These issues

can be mitigated to some extent by increasing the reactance

between the generator and the point of common coupling

(PCC). In this paper, the impedance matching of a PMSG

with the grid is investigated with the aim of improving the

generator’s performance during low-power and varying grid

voltage conditions. Additionally, the effect of the magnitude

of the generator’s electromotive force (EMF) on the overall

performance is also investigated.

II. MODELLING

The analysis of a SG connected directly to the grid is done

on a per unit basis using the equivalent circuit of Fig. 2(a)

and the phasor diagram of Fig. 2(b). The input mechanical

power, PRE is that of the renewable energy source. As the

speed is fixed, we subtract in the analysis a fixed amount of

core losses, Pc, from the input power to obtain the developed

power, Pd, as

Pd = PRE − Pc = EfIscos(δ − θ), (1)

where Ef is the induced per unit back EMF due to the per-

manent magnet (PM) field flux, Is is the per unit stator current,

and δ and θ are the load and power factor angles respectively

as explained in Fig. 2(b). Subtracting the conduction losses

from the developed power, we obtain the output power, Ps, of

the generator supplied to the grid as

Ps = Pd − I2sRs = VsIscos(θ), (2)

where Vs is the voltage of the ideal micro-grid voltage

source as shown in Fig. 2(a). The efficiency of the system

is hence determined by

η =
Ps

Ps + I2sRs + Pc
× 100%. (3)

Between the micro-grid and the back EMF voltages we have

the synchronous generator’s impedance as

Zs = Rs + jXs = Zs∠θs. (4)
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Fig. 2: (a) Synchronous generator equivalent circuit and (b) phasor diagram

The power and reactive power supplied to the grid, Ps and

Qs, can also be expressed as derived in all classical texts by

Ps =
VsEf

Zs
cos(θs − δs)− V 2

s

Zs
cos(θs), per unit watts (5)

and

Qs =
VsEf

Zs
sin(θs − δs)− V 2

s

Zs
sin(θs), per unit VARs (6)

III. ANALYSIS

The aim of the study is to investigate the effect of the gen-

erator’s internal impedance, more specifically the synchronous

reactance, Xs, and the back EMF voltage, Ef , on the general

performance of the generator under variable renewable power

and micro-grid voltage conditions. To do this we kept the per

unit values of the stator resistance and core losses constant at

typical synchronous machine values namely

C =

[
Rs

Pc

]
=

[
0.05
0.02

]
pu. (7)

We then determine the generator’s performance for a given

synchronous reactance, Xs, and a back EMF voltage, Ef , in

the ranges of

G =

[
Xs

Ef

]
=

[
0.1 < Xs < 1.0
0.95 < Ef < 1.05

]
pu. (8)

The parameters that are then varied for a fixed C and given

G are the grid supply power and voltage as

X =

[
Ps

Vs

]
=

[
Ps = 0.2 andPs = 1.0

0.9 < Vs < 1.1

]
pu. (9)

With C, G and X of (7) - (9) known we can determine from

(5) the load angle δ as

δ = θs − cos−1

[
PsZs

VsEf
+

Vs

Ef
cos(θs)

]
. (10)

With δ known we can determine Qs from (6) and the stator

current Is from

Is∠θ =
Ef∠δ − Vs∠0

Zs∠θs
. (11)

With all this known we can calculate the efficiency of the

generator from (3). The generator’s performance parameters

that we particularly are interested in are the efficiency η, the

reactive power Qs and the stator current Is, hence our output

vector calculation is

Y = f(X) =

⎡
⎣ η
Qs

Is

⎤
⎦ . (12)



IV. CALCULATED RESULTS

The result of the calculation of Y of (12) are shown in Figs.

3 and 4 for two parameter values of Ef , namely Ef = 1.0 pu

and Ef= 1.05 pu respectively. From the efficiency results of

Figs. 3a and 4a it can be seen that the efficiency at low power

drops sharply for small Xs-values, but that good overall results

are obtained with Xs = 0.5 pu for both values of Ef = 1.0 pu

and Ef= 1.05 pu.

Regarding the reactive power, the overall best result is
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Fig. 3: Efficiency, reactive power and current variance versus supply power
and grid voltage with generator reactance Xs a parameter, with Ef = 1.0 pu.
Note the upper curves are for Ps = 1.0 pu and the bottom curves are for Ps

= 0.2 pu for (a) and (c), whereas for (b), the upper curve is for Ps = 0.2 pu
and the bottom curve is for Ps = 1.0 pu.
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Fig. 4: Efficiency, reactive power and current variance versus supply power
and grid voltage with generator reactance Xs a parameter, with Ef = 1.05
pu. Note the upper curves are for Ps = 1.0 pu and the bottom curves are for
Ps = 0.2 pu for (a) and (c), whereas for (b), the upper curve is for Ps = 0.2
pu and the bottom curve is for Ps = 1.0 pu.

obtained with Ef = 1.05 pu with Xs either Xs = 0.2 pu or

Xs = 0.5 pu as shown in Fig. 4b.

Regarding the generator current, the best results with the

lowest currents and lowest variations are obtained with Ef =

1.05 pu and Xs = 0.5 pu. One may also consider the case

where Xs = 0.2 pu, because although the efficiency drops

sharply at low voltage and low power as shown in Fig. 4a, the

reactive power response of the generator in Fig. 4b is excellent

to compensate for low or high micro-grid voltage, precisely



what is needed for grid voltage compensation.

V. MEASURED RESULTS

Fig. 5 shows the laboratory test system layout used to

measure the performance of a direct-grid connected slip-

synchronous permanent magnet synchronous generator (SS-

PMG) under varying grid voltage and varying input power

conditions, whereas Fig. 6 shows a simplified line diagram

of the test system layout. The SS-PMG is coupled to and

driven by an induction motor (IM) which is subjected to speed

control by means of an Allen-Bradly Powerflex 755 variable-

speed drive (VSD). The IM-VSD is used to rotate the SS-PMG

at synchronous speed and a set of synchronization lights and

an oscilloscope are used to connect the generator to the grid

once the grid’s and generator’s respective frequency, voltage-

magnitude and voltage-phase angles are aligned. Once grid

connected, the voltage at the terminals of the generator is

adjusted by means of a variac.

A. Synchronous Generator Parameters
Table I provides some of the specifications of the considered

PMSG and Fig. 7 shows the results of an open-circuit test

and a short-circuit test conducted to determine its synchronous

reactance. From these two tests, the synchronous reactance

was determined to be approximately Xs = 0.17 pu. From Fig.

7, the PMSG’s back EMF voltage, Ef , is approximately 411

V or 1.03 pu, at synchronous speed at 50 Hz.
It should be noted that due to the limitations of the testbench

used, the full short-circuit profile of the PMSG could not be

measured. Consequently, an external resistance, Rext = 3.5 Ω,

was added to the generator’s terminals to increase the speed

at which rated current occurs.

B. Grid Current versus Grid Voltage
Fig. 8 shows the results of the grid connected test where the

grid voltage was varied and the resulting grid current measured

TABLE I: PMSG Specifications.

Parameter Value Parameter Value
Rated voltage, Vs(rated) 400 V Ef 1.03 pu

Rated current, Is(rated) 21.7 A Rated power 15 kW

Frequency, fs 50 Hz Synchronous speed 150 rpm
Xs 0.17 pu Number of poles 40
Rs 0.03 pu Rated torque 1000 Nm

for an input power of 0.2 per unit and 1.0 per unit respectively.

Fig. 9 shows the results of another grid connection test where

an external inductance of Lext = 16 mH was added between

the terminals of the generator and the grid. The addition of the

external inductance increased the effective reactance between

the generator and the grid to Xs = 0.64 per unit.

From Figs. 8 and 9, good correlations between the analytical

and measured current results are achieved barring a small

difference between the results for rated power conditions. The

measured results are shown to be in accordance with Fig. 3c

and Fig. 4c.

Increasing the effective reactance between the generator and

the grid has the effect of decreasing the PMSG’s sensitivity

to grid voltage conditions. This is especially evident when

considering Fig. 9 for low-power conditions where the grid

current does not increase above 0.3 per unit at both rated

and low grid voltage conditions, keeping the efficiency overall

high.

C. Reactive Power versus Grid Voltage

Figs. 10 and 11 show the results of two grid connected tests

where the grid voltage is varied and the resulting reactive

power is measured for an input power of 0.2 per unit and

1.0 per unit respectively. With reference to Fig. 11, the same

external inductance of Lext = 16 mH was added between the

terminals of the generator and the grid. Once again, good

correlations between the analytical and measured results are

IM Drive 
Motor

VSD

PMSG S-PMC

Synchronizing 
Lights

Fig. 5: Test system layout for laboratory measurements of a direct-grid connected 15 kW SS-PMG.
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Fig. 6: Simplified line diagram of the grid connected SS-PMG test system.
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Fig. 7: Results of an open-circuit and short-circuit test conducted on the con-
sidered PMSG. An external resistance of 3.5 Ω was added to the generator’s
terminals for the short-circuit test.
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Fig. 8: Measured grid current versus grid voltage with input power as a
parameter for a PMSG where, Ef = 1.03 pu and Xs = 0.17 pu. The analytical
results for a SG with Ef = 1.03 pu and Xs = 0.17 pu are included for
comparison.
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Fig. 9: Measured grid current versus grid voltage with input power as a
parameter for a PMSG where, Ef = 1.03 pu and Xs = 0.64 pu. The analytical
results for a SG with Ef = 1.03 pu and Xs = 0.64 pu are included for
comparison.

achieved, barring a slight difference between the results at

rated power.
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Fig. 10: Measured reactive power versus grid voltage with input power as
a parameter for a PMSG where, Ef = 1.03 pu and Xs = 0.17 pu. The
analytical results for a SG with Ef = 1.03 pu and Xs = 0.17 pu are included
for comparison.
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Fig. 11: Measured reactive power versus grid voltage with input power as
a parameter for a PMSG where, Ef = 1.03 pu and Xs = 0.64 pu. The
analytical results for a SG with Ef = 1.03 pu and Xs = 0.64 pu are included
for comparison.

With specific reference to Fig. 11, it can be seen that

the PMSG operates at near-unity power factor for low-power

conditions at a grid voltage of 1.0 per unit. However, there is

no condition where the PMSG operates at unity power factor

at rated power conditions, as also shown analytically in Fig.

4b.

D. Discussion

With reference to Fig. 10 and 11, it can be seen that the

directly grid connected PMSG supplies capacitive reactive

power to the grid at low grid voltages and absorbs inductive

reactive power during high grid voltages, which implies that

it provides ”automatic” grid voltage compensation. This form

of reactive power compensation is uncontrolled, however, it

stands to reason that a directly-grid connected PMSG can aid

in assisting grid voltage stabilization by means of supplying

or absorbing reactive power in the event of changes in load

within a micro-grid, especially during periods of unplanned

islanding. Moreover, the classical PMSG can be replaced with

a conventional wound-rotor SG or a hybrid-PMSG [13], [15]

to provide more control over its reactive power response.



VI. CONCLUSION

In this paper the optimum reactance is investigated for best

power matching between the fixed-flux renewable energy PM

generator and the micro-grid.

It is shown that the best overall result in terms of efficiency,

reactive power and current is obtained with a synchronous

reactance of Xs = 0.5 pu and a back EMF voltage of Ef =

1.05 pu. One could also consider the case with Xs = 0.2 pu

and Ef = 1.05 pu for good reactive power response, but this

would result in a lower generator efficiency at low power and

low voltage.

Practical testing of a direct-grid connected SS-PMG was

conducted to verify the analytical results. It was found that

increasing the reactance between the generator and the grid

has the effect of decreasing the PMSG’s sensitivity towards

grid voltage variations.

The outcome of the study allows engineers to design gen-

erators according to the required per unit reactance and per

unit induced back EMF voltage that will provide the desired

performance for a particular micro-grid.
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