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ABSTRACT Large-scale variable-speed pumped storage motor-generator adopts rotor winding AC
excitation technology, which can adapt to the regulation requirements of wide speed range and wide power
variation. In order to adapt to the demand of dynamic change of multiple operating conditions of pumped
storage motor-generator, combined with the characteristics of bi-directional energy flow of variable speed
motor-generator, and considering the complex control strategy due to its two operating modes of power
generation and electric power, it is the basis to realize the stable operation of the system to clarify the
constraint law affecting the electrical quantity ofmotor-generator under different operating conditions. In this
paper, the mathematical model of variable speed pumped storage motor is established by using the magnetic
field positioning vector control technology, and the mathematical model of variable speed pumped storage
motor is derived to analyze the operating characteristics of the motor. The model is used to calculate and
analyze the electrical quantities during the speed regulation, active power regulation and reactive power
regulation of the power motor, and to investigate the changes of electrical quantities such as stator and rotor
current, rotor voltage, rotor active power, rotor reactive power and stator power angle during the change of
working conditions. The accuracy of the mathematical model was verified by comparison using a 10MW
prototype test. It is a necessary theoretical reference for the analysis of variable speed pumped storage motor-
generator operating conditions.

INDEX TERMS Pumped storage power plant, variable speed generator motor, operating characteristics,
prototype test.

I. INTRODUCTION
With the development of national clean energy strategy, one
of the important ways to achieve clean power supply is by
increasing the proportion of renewable energy sources such
as wind and solar power to the grid [1], [2]. However, con-
sidering the intermittent and random characteristics of wind
and solar power generation, smoothing out the asymmetric
peak-to-valley difference between power and load is a basic
requirement for stable grid operation, and pumped storage is
one of the important ways to achieve large-scale peak shaving
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and valley filling and increase grid consumption of renewable
energy power generation. 2014, the National Development
and Reform Commission issued the ‘‘Opinions on Promoting
the Healthy and Orderly Development of Pumped Storage
Power Plants Issues’’ [3], [4]. Pumped storage units are
usually of two types: constant-speed generating motors and
variable-speed units. Compared with constant-speed genera-
tor motors, variable-speed generator motors have wider head
adaptability and more efficient pump turbine operating char-
acteristics [5], [6]. Most of the hydraulic resources in China
are sediment rivers, and the water head varies greatly in dif-
ferent periods. Compared with conventional constant-speed
synchronous pumped storage units, variable-speed pumped
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storage units can quickly respond to adjust the speedwhen the
water head changes, so that the generator set always runs near
the optimal speed of the turbine, which reduces the vibration,
cavitation and wear of the hydro generator set, prolongs the
life of the set, and improves the operating efficiency [7].

At present, China is in a blank state in the construction
of variable speed pumped storage power plants, and there
is an urgent need for localization. Scholars at home and
abroad have done a lot of research work in the study of vari-
able speed generator motor and have achieved rich research
results. The literature [8] derived the mathematical expres-
sions of motor operating parameters by analyzing the basic
equations, equivalent circuit and space-time vector diagram
of a doubly-fed generator, but the derived formulas are not
easy to calculate and understand, and they are not considered
from the decoupling perspective. In the literature [9], based
on the principle of doubly-fed wind turbine, a static model of
doubly-fed generator is established, which can calculate and
analyze the parameters of generator resistance and reactance,
and illustrate the design characteristics of doubly-fed asyn-
chronous wind turbine. A 6.5 MW variable speed generator
motor designed in the literature [10] provides some reference
test data. The literature [11] describes the dynamic response
characteristics of a 250 MW variable speed generator motor
at Tehri power station in case of failure in electric mode.
The literature [12] established a computational model for
the hydraulic transition process of water-machine-electric
coupling in pumped storage power plants using stator voltage
directed vector control strategy, which has some reference
value in decoupling control. In the literature [13], the Nyquist
array theory in multivariate frequency domain analysis theory
was used to analyze and control the stability of small dis-
turbances in doubly-fed wind power grid-connected systems.
In the paper [14], an accurate electromagnetic transient sim-
ulation model for fast start-up of an actual doubly-fed wind
turbine in a wind farm in Mengxi, China, under full operating
conditions was established. In the paper [15], a method was
proposed to analyze the stator-side reactive power character-
istics and regulation mechanism of the turbine based on the
V-shaped curve. In the literature [16], the impedance charac-
teristics of doubly-fed induction generators were studied for
different wind speeds and different powers. In the paper [17],
a transient simulation model of doubly-fed wind turbine was
established and the feasibility of the control strategy was
verified by simulation. In the literature [18], a program for
online identification of stator and rotor inductance based
on stator current and voltage sensors was developed. In the
literature [19], a sequential impedance model of the doubly-
fed induction generator system was developed based on the
complex transfer function. In the literature [20], based on
the basic operating equations of wind turbines, an expression
for the maximum regulated power during rotor over-speed of
doubly-fed wind turbines was derived, pointing out that the
bi-directional adjustable frequency power of wind turbines is
constrained by the power reservation factor and themaximum
regulated power. In the literature [21], based on the load

optimization theory, a method to find the minimum unit flow
on the equal unit power curve was proposed for improving
the optimal speed finding strategy.

Analyzing the above literature, we can find that they all
focus on the research of control strategy, and the research
and understanding of the operating characteristics of variable
speed motor-generator are still in the initial stage. In this
paper, considering the special characteristics of variable-
speed pumped storage units and the complexity of their oper-
ating conditions, the analytical calculation and experimental
verification of the change law of electrical quantities during
the change of different operating conditions of the generator
motor are carried out, which provides technical support and
reference for the design and manufacture of the unit and its
safe and stable operation.

II. DERIVATION OF MATHEMATICAL MODELS FOR
OPERATIONAL CHARACTERIZATION
According to the motor convention, the stator magnetic field
is positioned to the d-axis in the vector control system as a
way to achieve relative standstill by placing the rotating sym-
pathetic variable in a synchronously rotating coordinate sys-
tem. The voltage equation, magnetic chain equation, motion
equation and power equation of the variable speed generator
motor in the synchronous rotating dq-axis coordinate system
are expressed in Eqs. (1)-(4).

The voltage equation is as follows.

uds = Rsids +
dψds

dt
− ωsψqs

uqs = Rsiqs +
dψqs

dt
+ ωsψds

udr = Rridr +
dψdr

dt
− ωrψqr

uqr = Rriqr +
dψqr

dt
+ ωrψdr

(1)

The equation of the magnetic chain is as follows.
ψds = Lsids + Lmidr
ψqs = Lsiqs + Lmiqr
ψdr = Lmids + Lridr
ψqr = Lmiqs + Lriqr

(2)

The equations of motion are as follows.
Tem =

3
2
p(ψdsiqs − ψqsids)

Tem − Tm = J
d�m

dt
+ D�m

(3)

The power equation is as follows.

Ps =
3
2
(udsids + uqsiqs)

Pr =
3
2
(udridr + uqriqr)

Qs =
3
2
(uqsids − udsiqs)

Qr =
3
2
(uqridr − udriqr)

(4)
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where the quantity with d in the lower corner is the d-axis
quantity and the quantity with q in the lower corner is the
q-axis quantity. us, ur are the stator and rotor voltages respec-
tively. is, ir are the stator and rotor currents respectively. Rs,
Rr are the stator and rotor resistances respectively. Ls, Lr, Lm
are the stator and rotor inductances and excitation inductances
respectively. ωs, ωr are the stator and rotor angular frequen-
cies respectively. �m is the mechanical angular velocity. p is
the pole pair.ψs,ψr are stator and rotor magnetic chains. Tem,
Tm are electromagnetic torque and mechanical torque. J , D
are rotational inertia and friction coefficient. Ps, Pr are stator
active power and rotor active power respectively. Qs, Qr are
stator reactive power and rotor reactive power respectively.

Since the magnetic field is localized to the d-axis, the
magnetic chain satisfies the following equation.{

ψds = ψs

ψqs = 0
(5)

Substituting equation (5) into equation (2), it can be
deduced that. 

ids =
ψs − Lmidr

Ls
iqs = −

Lmiqr
Ls

(6)

Substituting equation (6) into equations (3) and (4), it can
be deduced that.

Tem = −
3
2
pψds

Lm
Ls
iqr

Ps = −
3
2
us
Lm
Ls
iqr

Qs =
3
2
us(
ψs

Ls
−
Lm
Ls
idr)

(7)

From equation (7), it can be seen that the electromagnetic
torque decoupling is controlled by iqr, the stator active power
decoupling is controlled by iqr, and the stator reactive power
decoupling is controlled by idr. Further derivation and colla-
tion of the previous equations can establish the mathematical
model of operating characteristics analysis of variable speed
generator motor, whose constraints are speed n, stator active
power Ps or electromagnetic torque Tem and stator reactive
powerQs, which are the external variables of the operation of
variable speed generator motor and change accordingly dur-
ing the change of working conditions Under the steady state
operation of the motor, bringing equation (5) into equation
(1) can be obtained as follows.{

uds = Rsids
uqs = Rsiqs + ωsψs

(8)

From equations (6) and (7), it can be deduced that.
ids =

2
3

Qs

ωsψs

iqs =
2
3
Tem
pψs

(9)

Substituting equations (8) and (9) into equation, the fol-
lowing relationship is derived for the unknown quantity ψs
with respect to the known quantities ωs, Tem, Qs, us, Rs
and p.

ω2
s (ψs)

4
+

(
Rs

4
3
Temωs

p
− u2s

)
(ψs)

2

+

(
Rs

2
3

)2
((

Qs

ωs

)2

+

(
Tem
p

)2
)

= 0 (10)

Eqs. (10) is a quadratic equation with the following solu-
tions.

ψs =

√
−B±

√
B2 − 4AC
2A

(11)

where. 

A = ω2
s

B = Rs
4
3
Temωs

p
− u2s

C =

(
Rs

2
3

)2
((

Qs

ωs

)2

+

(
Tem
p

)2
)

The stator voltage is known from equation (8) as follows.
uds = Rsids
uqs = Rsiqs + ωsψs

θus = ̸ (uds, uqs)

(12)

The stator current is known from equation (9) as follows.

ids =
Qs

3
2ωsψs

iqs =
Tem
3
2pψs

is =

√
(i2ds + i2qs)

θis = ̸ (ids, iqs)

(13)

Transformation of equation (6) results in the following
equation for the rotor current.

idr =
ψs − Lsids

Lm
iqr = −

Ls
Lm

iqs

ir =

√
(i2dr + i2qr)

θir = ̸ (idr, iqr)

(14)

Substitute equation (6) into (2) to findψqr, and then substi-
tute it into equation (1) to derive the rotor voltage as follows.

udr = Rridr − ωrψqr = Rridr − ωrσLriqr

uqr = Rriqr + ωrψdr = Rriqr + ωrσLridr + ωr
Lm
Ls
ψs

ur =

√
(u2dr + u2qr)

θur = ̸ (udr, uqr)
(15)
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The leakage inductance coefficient in the formula is as
follows.

σ =

(
1 −

L2m
LsLr

)
From equation (2), the rotor magnetic chain is as follows.

ψdr = Lmids + Lridr
ψqr = Lmiqs + Lriqr

ψr =

√
(ψ2

dr + ψ2
qr)

θψr = ̸ (ψdr, ψqr)

(16)

From equation (4), the stator and rotor active power and
the stator and rotor reactive power are shown in the following
equation. 

Ps =
3
2
(udsids + uqsiqs)

Pr =
3
2
(udridr + uqriqr)

Qs =
3
2
(uqsids − udsiqs)

Qr =
3
2
(uqridr − udriqr)

(17)

Since the excitation electromotive force E is 90◦ ahead of
the stator magnetic chain, the angle of the excitation elec-
tromotive force is constant at 90◦ in the dq-axis coordinate
system. The stator work angle can be obtained as follows.

δ = 90◦
− θus (18)

After the derivation of the above model, a mathemat-
ical model for the analysis of the operating character-
istics of a variable speed motor-generator consisting of
equations (10) - (18) has been established. Using this model,
electrical quantities such as stator and rotor currents, rotor
voltages, rotor active power, rotor reactive power and stator
power angle can be calculated for the speed regulation, active
power regulation and reactive power regulation of the power
motor. To facilitate the understanding of this operating char-
acteristic analysis mathematical model, a block diagram of
this mathematical model is given below, as shown in Fig. 1.

III. OPERATING CHARACTERISTICS ANALYSIS
This paper analyzes and calculates the operating characteris-
tics of a 10MW variable speed motor prototype, including
speed regulation under power generation condition, active
power regulation under power generation to electric condi-
tion, and reactive power regulation under no-load condition,
in order to investigate the changes of electrical quantities such
as stator and rotor current, rotor voltage, rotor active power,
rotor reactive power, and stator power angle during the con-
dition change. The electrical quantities such as rotor current,
rotor voltage, rotor active power, rotor reactive power, and
stator power angle change during the change of operating
conditions. The main parameters of the prototype are shown
in Table 1.

FIGURE 1. Block diagram of a mathematical model for the analysis of the
operating characteristics of a variable speed motor-generator.

TABLE 1. Main parameters of variable speed generator motor.

A. THE CHANGE LAW OF ELECTRICAL QUANTITY WHEN
ADJUSTING THE SPEED UNDER THE POWER
GENERATION CONDITION
In order to investigate the changes of electrical quantities
such as stator and rotor currents, rotor voltage, rotor active
power, rotor reactive power and stator power angle during
speed regulation of variable speed generating motors, this
paper uses the mathematical model established for operating

52120 VOLUME 11, 2023



H. Jinming et al.: Analysis of Operating Characteristics of Variable Speed Pumped Storage Motor-Generator

FIGURE 2. Curve of amplitude and power angle change of electrical
quantity during speed regulation of power generation condition.

characteristics analysis to analyze the changes of electri-
cal quantities during speed regulation under rated gener-
ating conditions of the prototype, the given constraints
are: (i) speed regulation from 460-540 r/min, calculated at
10 r/min intervals; (ii) active power constant at 10 MW; and
(iii) reactive power constant at 4.84 MVar. the variation of the
relevant electrical quantities is shown in Figure 2.

From Fig. 2, it can be seen that the stator-side active and
reactive power are constant, and the stator and rotor currents
are constant when the speed is adjusted from 460-540 r/min,
the rotor voltage shows a V-shape and is the smallest near the
synchronous speed, the rotor active power is positive at the
sub-synchronous speed, representing the absorption of active
power from the net, and negative at the hyper-synchronous
speed, representing the emission of active power to the net,
the rotor reactive power is positive at the sub-synchronous
speed, representing the absorption of reactive power from the
net, and negative at the hyper-synchronous speed, represent-
ing the emission of reactive power to the net, the stator work
angle is constant and small, and the motor is statically stable.

Since the phase diagram can visually observe the regula-
tion of the electrical quantities when the working condition is
transformed, this paper analyzes the angular change of the
electrical quantities when the speed is regulated under the
rated power generation condition of the prototype, defining
the stator magnetic chain as 0◦, as shown in Fig. 3. Based on
this, the phase diagram of the prototype at sub-synchronous
and hyper-synchronous speed is drawn as shown in Fig. 4.

From Fig. 3 and Fig. 4, it can be seen that the stator-
side active and reactive power are constant, and the stator

FIGURE 3. Angular change curve of electrical quantity during speed
adjustment of power generation condition.

FIGURE 4. Phase diagram during power generation speed regulation.

voltage angle, stator-rotor current angle and stator-rotor mag-
netic chain angle are constant when the speed is adjusted
from 460-540 r/min, the rotor voltage angle changes with the
speed.

B. THE CHANGE LAW OF ELECTRICAL QUANTITY WHEN
REGULATING THE ACTIVE POWER UNDER THE
CONVERSION FROM POWER GENERATION
TO ELECTRIC OPERATION
In order to investigate the changes of electrical quantities
such as stator and rotor currents, rotor voltage, rotor active
power, rotor reactive power and stator power angle during
stator active regulation, this paper uses the mathematical
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FIGURE 5. Amplitude and power angle change curve of electrical quantity
during active regulation.

model established for the analysis of operating characteris-
tics to analyze the change of active power when regulating
the prototype under the transition from generation to elec-
tric operation, the given constraints are: (i) speed at sub-
synchronous 460r/min; (ii) active power regulation at 6 points
for generation 10MW, generation 6MW, generation 2MW,
electric 2MW, electric 6MWand electric 10MW respectively;
and (iii) reactive power constant at 0MVar. the variation of the
relevant electrical quantities is shown in Figure 5.

As can be seen from Figure 5, under the sub-synchronous
460r/min, stator reactive power is 0Var, when regulating
active power under the conversion of power generation con-
dition to electric condition, the stator-rotor current and rotor
reactive power show V-shaped, rotor voltage is lower in
electric condition, rotor active power gradually decreases
and changes from absorbing active power to emitting active
power, the stator work angle is constant 0.

The angular variation of the relevant electrical quantities
was analyzed for the prototype when regulating the active
power under the conversion from generation to electric oper-
ation at sub-synchronous 460r/min and stator reactive power
of 0Var as shown in Fig. 6. Based on this, the phase diagram
of the prototype is drawn as shown in Fig. 7.
From Fig. 6 and Fig. 7, it can be seen that the stator

speed is constant, the stator reactive power is 0, and the
stator voltage angle is constant at 90◦ when regulating the
active power under the conversion from power generation to
electric operation, the stator current angle is -90◦ in power
generation and 90◦ in electric operation, the rotor voltage lags
behind the excited electric potential in power generation and

FIGURE 6. Angular change curve of electrical quantity during active
regulation.

FIGURE 7. Phase diagram during active regulation.

exceeds the excited electric potential in electric operation, the
rotor current and rotor magnetic chain lag behind the stator
magnetic chain in power generation and exceed the stator
magnetic chain in electric operation.

C. THE CHANGE LAW OF ELECTRICAL QUANTITY WHEN
REGULATING REACTIVE POWER IN NO-LOAD CONDITION
In order to investigate the changes of electrical quantities
such as stator and rotor currents, rotor voltage, rotor active
power, rotor reactive power and stator power angle during
stator reactive power regulation of variable speed generating
motors, this paper uses the mathematical model established
for operating characteristics analysis to analyze the reactive
power regulation of the prototype, the given constraints are:
(i) rotational speed at sub-synchronous 460r/min; (ii) active
power is constant at 0MW; (iii) reactive power regulation is
issued at 11.11MVar, issued at 6.67MVar, issued at 2.22MVar,
absorbed at 2.22MVar, absorbed at 6.67MVar, absorbed at
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FIGURE 8. Amplitude and power angle change curve of electrical quantity
during no-load condition reactive power regulation.

11.11MVar for a total of 6 points, in order to explore the static
stability limit of the motor The maximum point of reactive
power regulation is set as 11.11 MVar. the change of relevant
electrical quantities is shown in Figure 8.

From Figure 8, we can see that under the sub-synchronous
460r/min, stator active power is 0W, stator reactive power
from issuing reactive power to absorbing reactive power and
gradually deep into phase, stator current decreases and then
increases, rotor current, rotor voltage, rotor active power and
rotor reactive power gradually decreases, stator work angle
gradually increases, but in deep into phase, stator work angle
is much less than 90◦, which meets the static stability require-
ments, so it can be variable speed The generatormotor can run
in deep phase.

The angle change of the relevant electrical quantity is
shown in Fig. 9 when the stator reactive power changes from
issuing reactive power to absorbing reactive power and grad-
ually entering the phase in depth under the sub-synchronous
460r/min and stator active power of 0W of the prototype is
analyzed. Based on this, the phase diagram of the prototype
when issuing reactive power and absorbing reactive power is
drawn as shown in Fig. 10.
From Fig.9 and Fig.10, we can see that the stator speed

is constant, stator active power is 0, stator reactive power
from issuing reactive power to absorbing reactive power and
gradually deep into the phase, the stator-rotor magnetic chain
angle, rotor current angle is constant 0, rotor voltage angle
gradually increases, stator work angle gradually increases and
changes from negative to positive, and stator work angle only
changes when adjusting stator reactive power.

FIGURE 9. Angle change curve of electrical quantity during no-load
condition reactive power regulation.

FIGURE 10. Phase diagram of reactive power regulation at no-load
condition.

In summary, the mathematical model established for the
analysis of operating characteristics was used to investigate
the changes of electrical quantities such as stator and rotor
currents, rotor voltage, rotor active power, rotor reactive
power, and stator power angle during the change of three
typical operating conditions: regulation of rotational speed
under power generation, regulation of active power under
conversion from power generation to electric operation, and
regulation of reactive power under no-load operation, and the
following conclusions were drawn:

(i) When adjusting the speed, the stator and rotor cur-
rents are constant; the rotor voltage is V-shaped and the
smallest near the synchronous speed; the rotor active power
is absorbed at the sub-synchronous speed and issued at
the super-synchronous speed; the rotor reactive power is
absorbed at the sub-synchronous speed and issued at the
super-synchronous speed; the stator work angle is constant
and small, the motor is statically stable; the stator volt-
age angle, the stator-rotor current angle and the stator-rotor
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FIGURE 11. Variable speed motor-generator prototype test system.

magnetic chain angle are constant; the rotor voltage angle
changes with the speed;

(ii) When regulating active power, the stator and rotor
currents and rotor reactive power show a V-shape; rotor volt-
age is lower in electric service; rotor active power gradu-
ally decreases and changes from absorbing active power to
emitting active power; stator power angle is constant at 0;
stator voltage angle is constant at 90◦; stator current angle
is -90◦ when generating and 90◦ when electric; rotor voltage
lags behind the excited electric potential when generating and
overtakes it when electric; rotor current and rotor magnetic
chain lags behind the stator magnetic chain when generating
and overtakes it when electric;

(iii) When adjusting the reactive power, the stator cur-
rent decreases and then increases; rotor current, rotor volt-
age, rotor active power and rotor reactive power gradually
decrease; stator work angle gradually increases, but in deep
phase, the stator work angle is much less than 90◦, which
meets the static stability requirements, so the variable speed
power motor can run in deep phase; rotor magnetic chain
angle and rotor current angle are constant 0; rotor volt-
age angle gradually increases; stator work angle gradually
increases and The stator power angle only changes when the
stator reactive power is adjusted.

IV. TEST VERIFICATION OF 10MW VARIABLE SPEED
MOTOR-GENERATOR PROTOTYPE
In order to verify the accuracy of the calculation results of
the mathematical model for variable speed motor-generator
operation characteristics analysis, a 10MW variable speed
pumped storage motor-generator prototype was fabricated
and tested, including no-load test, speed regulation test, active
power regulation test and reactive power regulation test.
Fig.11 shows the test system diagram of the 10MW variable
speed pumped storage generator prototype, which includes
the tractor, gearbox, variable speed generator motor, excita-
tion transformer, back-to-back converter, etc.

The test was carried out in accordance with
GB/T 1029-2005 ‘‘Test Methods for Three-phase Syn-
chronous Motors’’. The test conditions were limited by the
capacity of the towing motor and the capacity of the local
grid, so four tests were carried out: no-load characteristic
test, no-load speed test, regulated active power test and regu-
lated reactive power test. From the results of the analytical
calculations using the mathematical model for operating
characteristics analysis and the results of the test comparison,
the universality and accuracy of the mathematical model
established were well verified.

A. NO-LOAD CHARACTERISTIC TEST ANALYSIS
The no-load characteristics of the motor were tested in accor-
dance with the standard, with the motor under test running
off-grid and at 480r/min, the excitation current was adjusted
and the stator terminal voltage recorded. The test data is
shown in Table 2.

TABLE 2. No-load characteristics test results.

For variable speed motor-generator, the core saturation is
mainly reflected in the variation of excitation reactance, so the
variation curve of excitation reactance with excitation current
in no-load characteristic is plotted as shown in Fig.12.

From Fig. 12, it can be found that the excitation reactance
of the variable speed motor-generator decreases gradually
with the increase of excitation current, and it decreases faster
in the saturation zone.

The excitation reactance curve is added to the mathemati-
cal model of operating characteristic analysis as a variable to
calculate the no-load characteristic, and the result is shown
in Fig. 13, and the analyzed value is basically consistent with
the test value.

Since the excitation reactance in the motor parameters
varies with the motor operating point, this step of the test
work verifies on the one hand the accuracy of the calculation
results of the mathematical model developed for the analysis
of the operating characteristics at this operating condition,
and on the other hand the influence of the changes in the
excitation reactance parameter is taken into account in the
subsequent comparison of the test conditions, improving
the accuracy of the calculation.
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FIGURE 12. Excitation reactance variation curve with excitation current.

FIGURE 13. No-load characteristic comparison curve.

B. NO-LOAD SPEED REGULATION TEST ANALYSIS
In accordance with the standard motor no-load speed test,
the stator side of the tested motor is running on the network,
and the speed is adjusted within the range of the differential
speed. Since the rotor side of the variable-speed motor is low-
frequency excitation, the excitation voltage cannot be accu-
rately tested using a voltage transformer, so the active power,
reactive power, stator voltage, stator current and excitation
current on the stator side are recorded, and the subsequent
tests are the same, and the same working conditions are
analyzed and calculated using the operating characteristic
analysis model, and the comparison results data are shown in
Table 3.The curves of stator and rotor currents versus speed
at eight operating points during the no-load speed regulation
test are plotted as shown in Fig.14.The stator active and
reactive power symbols in the table are negative for emitted
and positive for absorbed.

An inspection of the data in Table 3 and the comparison
curves in Fig.14 shows that:

TABLE 3. Comparison of the results of the speed adjustment test.

FIGURE 14. Stator and rotor current test and analysis comparison curve
in speed control test.

(i) In the speed regulation test, the stator and rotor currents
remain unchanged, which is consistent with that described
in III.A;
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TABLE 4. Comparison of test results for regulated active power.

FIGURE 15. Stator and rotor current test and analysis comparison curves
in the active power test.

(ii) The calculated values from the analysis of the operat-
ing characteristics model established are basically consistent
with the test values, verifying the accuracy of the mathemat-
ical model;

(iii) The local grid voltage during the test was 10.3 kV,
so the rotor current during the test was smaller than the rated
no-load excitation current, and there were small fluctuations
in the active stator power when the motor was running on the
grid, which will not be repeated subsequently.

TABLE 5. Comparison of test results for regulated reactive power.

C. REGULATED ACTIVE TEST ANALYSIS
In accordance with the standard motor regulation active test,
the stator side of the motor under test is run on the network,
the motor speed is fixed at 466r/min, the active power of the
variable speed motor-generator is regulated, the active power,
reactive power, stator voltage, stator current and excitation
current on the stator side are recorded, the same operating
conditions are analysed and calculated using the operating
characteristics analysis model, and the comparison results
are shown in Table 4. The curves of the stator and rotor
currents with the stator active power at the five operating
points during the regulated active power test are plotted as
shown in Fig.15. As it was not possible to switch directly
from power generation to electric operation, the data in the
table only shows the results of the power regulation tests in
power generation.

An inspection of the data in Table 4 and the comparison
curves in Fig.15 shows that:

(i) In the active power regulation test, as the output active
power decreases, the stator and rotor currents become smaller,
and the stator current changes are larger, in line with what is
described in III.B;

(ii) The calculated values are basically the same as the
test values using the analysis of the established operating
characteristics model, which verifies the accuracy of the
mathematical model.

D. REGULATED REACTIVE POWER TEST ANALYSIS
In accordance with the standard motor regulation reactive
power test, the stator side of the motor under test is run on the
network, the motor speed is fixed at 470 r/min, the reactive
power of the variable speed motor-generator is regulated, the
active power, reactive power, stator voltage, stator current and
excitation current on the stator side are recorded, the same
operating conditions are analysed and calculated using the
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FIGURE 16. Stator and rotor current test and analysis comparison curves
in the reactive power test.

operating characteristics analysis model, and the comparison
results data are shown in Table 5. The curves of the stator and
rotor currents with stator reactive power at the four operating
points during the regulated reactive power test are plotted,
as shown in Fig.16.

An inspection of the data in Table 5 and the comparison
curves in Figure 16 shows that:

(i) In the reactive power regulation test, the stator reactive
power decreases and then increases when the stator current
decreases from issuing reactive power to absorbing reactive
power; the rotor current gradually decreases, which is consis-
tent with that described in III.C;

(ii) The calculated values are basically the same as the
test values using the analysis of the established operating
characteristics model, which verifies the accuracy of the
mathematical model.

V. CONCLUSION
This paper fully considers the demand of variable speed
pumped storage motor-generator for multi-state dynamic
conversion, combines the characteristics of variable speed
motor-generator for bi-directional energy flow, takes into
account the complex control strategy caused by its two oper-
ating modes of power generator and electric power, and clar-
ifies the constraint law affecting the electrical quantity of
motor-generator under different operating conditions, so as to
lay the foundation for the stable operation of variable speed
motor-generator system. Starting from the analysis of the
mathematical model of the two simultaneous rotating coor-
dinates of the variable-speed power motor, the mathematical
model of the operation characteristics analysis is derived in
detail, and the electrical quantities during the speed regula-
tion, active power regulation and reactive power regulation

of the power motor are calculated using the mathematical
model, and the change rules of the electrical quantities such
as stator and rotor currents, rotor voltage, rotor active power,
rotor reactive power and stator power angle are summarized
during the change of operating conditions. Finally, a no-
load test, a speed test, a regulated active test and a regu-
lated reactive test were carried out on the 10MW prototype.
By analysing the variation patterns of the stator and rotor
currents in the test results and comparing the test results with
the analytical calculation results, the correctness of using the
mathematical model of operating characteristic analysis to
generalise the variation patterns of electrical quantities was
verified on the one hand, and the accuracy of the analytical
calculation results of the mathematical model of operating
characteristic analysis was verified on the other. On the other
hand, the accuracy of the analytical calculation results of the
mathematical model of operating characteristics analysis is
verified. The 10MW test prototype developed in this paper is
the largest variable speed test prototype in China at present,
and the joint test with the converter has been completed. The
test results lay the foundation for the Chinese construction of
large variable speed pumped storage power plants.
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