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Background information

INTRODUCTION

• Effect of distributed energy storage devices with dissimilar response times is investigated
• A medium voltage test network, with embedded energy storage systems (ESS), central 

controller and telecommunications emulation is considered
• A modified version of the CIGRE European MV distribution network, with number of ESS is to 

be implemented
• A combination of at least 12 ESS will be included
• A delay model for telecommunications emulation will be included
• Real-time simulation should be realised
• A set of two racks with 5 PB5 are available for testing
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Motivation

INTRODUCTION

• A low-speed flywheel energy storage system (FESS) is to be used
• An ideal, symmetric induction machine is sufficient for the FESS
• Saturation effects and zero-sequence components can be neglected
• A detailed representation of the FESS transient response is required for benchmarking
• Multiple FESS (up to twelve) are to be considered
• Local connection to the MV network buses is assumed
• Time-step of the system need to be compatible with the rest of the system
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Induction Machine models in RTDS

INTRODUCTION

• DQ0 model
• Highly efficient
• Known to have poor accuracy at large time-steps

• Phase-Domain (PD) model
• More accurate than the DQ model at large time-steps
• Its time-varying inductance matrix make it  considerably more computing intensive

• Phase-Domain Light (PD-L) model
• Analytically inverted matrix improves computer efficiency over the PD model
• Less efficient than the DQ model
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Hybrid IM models

INTRODUCTION

• Combine PD and DQ0 quantities on their formulation to improve on the PD model efficiency
• Depending on choice of state-space variables of the differential equation from where the 

model is derived,  different numerical properties are obtained: they may be more accurate 
than the PD model at large time-steps. 

• Machine speed may still be present in some hybrid model’s conductance matrix. 
Approximation can be used to eliminate speed dependency with negligible error.

• Hybrid models derived from the classical PD model (using stator and rotor flux linkages as 
state variables) have a constant conductance matrix, with no approximations, if saturation is 
neglected.
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Hybrid custom model – base differential equations

MACHINE MODEL DESCRIPTION

• Saturation effects are neglected
𝑽𝑽 = 𝑝𝑝𝝍𝝍+ 𝑹𝑹𝑹𝑹

State-space form
𝑝𝑝𝝍𝝍 = −𝑹𝑹𝑳𝑳−𝟏𝟏 θ 𝝍𝝍− 𝑽𝑽

Where:
𝑽𝑽 = 𝑽𝑽𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑽𝑽𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑇𝑇

𝝍𝝍 = 𝝍𝝍𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝝍𝝍𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
𝑇𝑇

𝑰𝑰 = 𝑰𝑰𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑰𝑰𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑇𝑇

𝑹𝑹 = 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑹𝑹𝑠𝑠𝑹𝑹𝑟𝑟
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PD Inductance matrices

MACHINE MODEL DESCRIPTION

𝐋𝐋𝑠𝑠𝑠𝑠 =

𝐿𝐿𝑙𝑙𝑙𝑙 + 𝐿𝐿𝑚𝑚𝑚𝑚 −
1
2 𝐿𝐿𝑚𝑚𝑚𝑚 −

1
2 𝐿𝐿𝑚𝑚𝑚𝑚

−
1
2 𝐿𝐿𝑚𝑚𝑚𝑚 𝐿𝐿𝑙𝑙𝑙𝑙 + 𝐿𝐿𝑚𝑚𝑚𝑚 −

1
2 𝐿𝐿𝑚𝑚𝑚𝑚

−
1
2 𝐿𝐿𝑚𝑚𝑚𝑚 −

1
2 𝐿𝐿𝑚𝑚𝑚𝑚 𝐿𝐿𝑙𝑙𝑙𝑙 + 𝐿𝐿𝑚𝑚𝑚𝑚

𝐋𝐋𝑠𝑠𝑠𝑠 𝜃𝜃 =

𝐿𝐿𝑠𝑠𝑠𝑠 cos𝜃𝜃𝑟𝑟 𝐿𝐿𝑠𝑠𝑠𝑠 cos 𝜃𝜃𝑟𝑟 +
2𝜋𝜋
3 𝐿𝐿𝑠𝑠𝑠𝑠 cos 𝜃𝜃𝑟𝑟 −

2𝜋𝜋
3

𝐿𝐿𝑠𝑠𝑠𝑠 cos 𝜃𝜃𝑟𝑟 −
2𝜋𝜋
3 𝐿𝐿𝑠𝑠𝑠𝑠 cos𝜃𝜃𝑟𝑟 𝐿𝐿𝑠𝑠𝑠𝑠 cos 𝜃𝜃𝑟𝑟 +

2𝜋𝜋
3

𝐿𝐿𝑠𝑠𝑠𝑠 cos 𝜃𝜃𝑟𝑟 +
2𝜋𝜋
3 𝐿𝐿𝑠𝑠𝑠𝑠 cos 𝜃𝜃𝑟𝑟 −

2𝜋𝜋
3 𝐿𝐿𝑠𝑠𝑠𝑠 cos𝜃𝜃𝑟𝑟

𝐋𝐋𝑟𝑟𝑟𝑟 =

𝐿𝐿𝑙𝑙𝑙𝑙 + 𝐿𝐿𝑚𝑚𝑚𝑚 −
1
2 𝐿𝐿𝑚𝑚𝑚𝑚 −

1
2 𝐿𝐿𝑚𝑚𝑚𝑚

−
1
2 𝐿𝐿𝑚𝑚𝑚𝑚 𝐿𝐿𝑙𝑙𝑙𝑙 + 𝐿𝐿𝑚𝑚𝑚𝑚 −

1
2 𝐿𝐿𝑚𝑚𝑚𝑚

−
1
2 𝐿𝐿𝑚𝑚𝑚𝑚 −

1
2 𝐿𝐿𝑚𝑚𝑚𝑚 𝐿𝐿𝑙𝑙𝑙𝑙 + 𝐿𝐿𝑚𝑚𝑚𝑚

𝐋𝐋 𝜃𝜃 =
𝐋𝐋𝑠𝑠𝑠𝑠 𝐋𝐋𝑠𝑠𝑠𝑠 𝜃𝜃

𝐋𝐋𝑠𝑠𝑠𝑠𝑇𝑇 𝜃𝜃 𝐋𝐋𝑟𝑟𝑟𝑟

And:
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Custom model - EMTP-Type form

MACHINE MODEL DESCRIPTION

𝐑𝐑𝑒𝑒𝑒𝑒𝑒𝑒
𝐹𝐹𝐹𝐹 =

2
Δ𝑡𝑡 𝐋𝐋𝑒𝑒𝑒𝑒

𝐹𝐹𝐹𝐹 + 𝐑𝐑𝑠𝑠

𝐄𝐄𝑒𝑒𝑒𝑒𝑒𝑒𝐹𝐹𝐹𝐹 𝑡𝑡 =
2
Δ𝑡𝑡 𝐓𝐓

−1 𝑡𝑡 𝐋𝐋𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝐄𝐄𝑟𝑟𝑟𝑟𝑟𝑟𝑟 − 𝐄𝐄𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝐈𝐈0 = 𝑖𝑖0 𝑖𝑖0 𝑖𝑖0 𝑇𝑇
𝐄𝐄𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝐕𝐕𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑡𝑡 − Δ𝑡𝑡 − 𝐑𝐑𝑠𝑠𝐈𝐈𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑡𝑡 − Δ𝑡𝑡 +

2
Δ𝑡𝑡
𝚿𝚿𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑡𝑡 − Δ𝑡𝑡

𝐄𝐄𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 𝐄𝐄𝑟𝑟𝑟𝑟−1𝐋𝐋𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝐈𝐈𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑡𝑡 − Δ𝑡𝑡

+
Δ𝑡𝑡
2
𝐄𝐄𝑟𝑟𝑟𝑟−1 𝐕𝐕𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑡𝑡 + 𝐕𝐕𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑡𝑡 − Δ𝑡𝑡 +

2
Δ𝑡𝑡
𝐄𝐄𝑟𝑟𝑟𝑟∗ 𝐈𝐈𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑡𝑡 − Δ𝑡𝑡

𝐋𝐋𝑒𝑒𝑒𝑒𝐹𝐹𝐹𝐹 =
𝐿𝐿𝑙𝑙𝑙𝑙 + 𝑍𝑍𝑀𝑀 0 0

0 𝐿𝐿𝑙𝑙𝑙𝑙 + 𝑍𝑍𝑀𝑀 0
0 0 𝐿𝐿𝑙𝑙𝑙𝑙 + 𝑍𝑍𝑀𝑀 𝐄𝐄𝑟𝑟𝑟𝑟 = 𝐋𝐋𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 +

Δ𝑡𝑡
2
𝐑𝐑𝑟𝑟 𝐄𝐄𝑟𝑟𝑟𝑟∗ = 𝐋𝐋𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 −

Δ𝑡𝑡
2
𝐑𝐑𝑟𝑟

𝑍𝑍𝑀𝑀 = 𝐿𝐿𝑀𝑀 1− 𝑍𝑍𝑚𝑚𝑚𝑚 𝑍𝑍𝑚𝑚𝑚𝑚 =
𝐿𝐿𝑀𝑀

𝐿𝐿𝑀𝑀 + 𝐿𝐿𝑟𝑟𝑟𝑟𝑟𝑟
𝐿𝐿𝑟𝑟𝑟𝑟𝑟𝑟 = 𝐿𝐿𝑙𝑙𝑙𝑙 +

1
Δ𝑡𝑡
𝑟𝑟𝑟𝑟

D. S. Vilchis-Rodriguez and E. Acha, "Nodal Reduced Induction Machine Modeling for EMTP-Type Simulations," in IEEE Transactions on Power 
Systems, vol. 27, no. 3, pp. 1158-1169, Aug. 2012, doi: 10.1109/TPWRS.2012.2186987.

𝐋𝐋𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 =
𝐿𝐿𝑙𝑙𝑙𝑙 + 𝐿𝐿𝑀𝑀 0 0

0 𝐿𝐿𝑙𝑙𝑙𝑙 + 𝐿𝐿𝑀𝑀 0
0 0 𝐿𝐿𝑙𝑙𝑙𝑙

𝐋𝐋𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 =
𝐿𝐿𝑀𝑀 0 0
0 𝐿𝐿𝑀𝑀 0
0 0 0

𝐋𝐋𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 =
𝐿𝐿𝑙𝑙𝑙𝑙 + 𝐿𝐿𝑀𝑀 0 0

0 𝐿𝐿𝑙𝑙𝑙𝑙 + 𝐿𝐿𝑀𝑀 0
0 0 𝐿𝐿𝑙𝑙𝑙𝑙

𝐋𝐋𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 𝐋𝐋𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑇𝑇

𝑖𝑖0 =
𝑖𝑖𝑎𝑎 + 𝑖𝑖𝑏𝑏 + 𝑖𝑖𝑐𝑐

3

𝑇𝑇𝑒𝑒 =
3
2
𝑃𝑃
2
𝜓𝜓𝑑𝑑𝑑𝑑𝑖𝑖𝑞𝑞𝑞𝑞 − 𝜓𝜓𝑞𝑞𝑞𝑞𝑖𝑖𝑑𝑑𝑑𝑑

𝜔𝜔𝑟𝑟 𝑡𝑡 = 𝜔𝜔𝑟𝑟 𝑡𝑡 − Δ𝑡𝑡 +
Δ𝑡𝑡
2
𝑃𝑃
2𝐽𝐽

𝑇𝑇𝑒𝑒 𝑡𝑡 + 𝑇𝑇𝑒𝑒 𝑡𝑡 − Δ𝑡𝑡 − 2𝑇𝑇𝑚𝑚

𝜃𝜃𝑟𝑟 𝑡𝑡 = 𝜃𝜃𝑟𝑟 𝑡𝑡 − Δ𝑡𝑡 +
Δ𝑡𝑡
2

𝜔𝜔𝑟𝑟 𝑡𝑡 −𝜔𝜔𝑟𝑟 𝑡𝑡 − Δ𝑡𝑡

𝐕𝐕𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑡𝑡 = 𝐑𝐑𝑒𝑒𝑒𝑒𝑒𝑒
𝐹𝐹𝐹𝐹 𝐈𝐈𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑡𝑡 −

3
2

2
Δ𝑡𝑡
𝑍𝑍𝑀𝑀𝐈𝐈0 + 𝐄𝐄𝑒𝑒𝑒𝑒𝑒𝑒𝐹𝐹𝐹𝐹 𝑡𝑡

Voltage equations Auxiliary expressions

Mechanical
equations

DQ matrices
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Custom model - RSCAD implementation

MACHINE MODEL DESCRIPTION

Neglecting zero-sequence component, the model is interfaced by using:
𝐈𝐈𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑡𝑡 − Δ𝑡𝑡 = 𝑮𝑮𝐕𝐕𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑡𝑡 − Δ𝑡𝑡 + 𝑰𝑰𝑰𝑰𝑠𝑠

Where:

𝑮𝑮 = 𝑹𝑹𝑒𝑒𝑒𝑒𝑒𝑒𝐹𝐹𝐹𝐹 −1

and the injected currents are defined by
𝑰𝑰𝑰𝑰𝑠𝑠 = −𝑮𝑮 𝐄𝐄𝑒𝑒𝑒𝑒𝑒𝑒𝐹𝐹𝐹𝐹 𝑡𝑡 − Δ𝑡𝑡
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Custom model - RSCAD implementation

MACHINE MODEL DESCRIPTION

• Angle prediction-correction scheme is employed 
in the model solution 

• 94 flops (+, - , x) required for the model solution. 
Divide operations  are completely avoided

• 2 trigonometric functions are also required

𝜃𝜃𝑟𝑟 𝑡𝑡 = 2𝜃𝜃𝑟𝑟 𝑡𝑡 − Δ𝑡𝑡 − 𝜃𝜃𝑟𝑟 𝑡𝑡 − 2Δ𝑡𝑡

𝜃𝜃𝑟𝑟 𝑡𝑡 = 𝜃𝜃𝑟𝑟 𝑡𝑡 − Δ𝑡𝑡 +
Δ𝑡𝑡
2 𝜔𝜔𝑟𝑟 𝑡𝑡 − 𝜔𝜔𝑟𝑟 𝑡𝑡 − Δ𝑡𝑡
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Custom model - RSCAD implementation

MACHINE MODEL DESCRIPTION

• Machine parameters are provided in 
p.u.

• Stator currents, electromagnetic torque, 
machine speed and rotor angle can be 
monitored.

• To avoid   additional calculations, 
input/output voltages and currents are 
handled natively in kV and kA.

• Calculation of rotor currents is omitted 
to reduce flop count.
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Test system

MODEL EFFICIENCY
• Simple system used to verify the custom 

model results and performance. Startup 
transient is used for the assessment.

• An RTDS stack with five PB5 was used in 
the tests.

• For the case under test, identical load 
was reported for the custom model and 
RSCAD’s DQ0 model (15% of a PB5), 22% 
for PD and 18% for PD-light. 

• Minimum time-step at which real-time 
simulation was achievable for the 
custom and RSCAD’s DQ0 model was 
identical (8µs), PD-light 14µs and 15µs 
for the PD.
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Time-step length effect
SIMULATION RESULTS
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Time-step length effect
SIMULATION RESULTS
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Time-step length effect
SIMULATION RESULTS
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Summary - models performance

MODEL EFFICIENCY

Model Load [%] Time-step [µs] Notes

PD 22 (+47%) 15 (+88%) The most computing intensive 

PD-L 18 (+20%) 14 (+75%) Slightly more efficient than the PD model, diverges 
from the PD model at large time-steps

DQ0 15 (base) 8 (base) Very efficient but poor accuracy at large time-steps

Custom 15 (+0%) 8 (+0%) As efficient as the DQO and as accurate as the PD 
model



2023 EUROPEAN USER’S GROUP MEETING

Custom model - FESS integration
SIMULATION RESULTS

• The custom model has been 
incorporated into a FESS

• Computing load is identical to that of 
the FESS using RSCAD’s DQ model (27% 
of a PB5), the PD model uses 35%.

• Minimum time-step at which real-time 
simulation is realizable is identical to 
that of the DQ0 model (16µs) . The PD 
model requires 23 µs (+44%).

• Computing time (off-line), to complete 
an 18.5 s simulation at 1µs time-step 
with the UCM in improved firing pulse 
mode is similar  to the obtained using 
the DQ model.
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• A custom induction machine component for RSCAD/RTDS, with direct interface with the 
power network, was implemented.

• By neglecting magnetic saturation and zero sequence components a constant, diagonal 
conductance matrix is obtained.

• The model was found to have similar computing performance to that of RSCAD’s DQ model. 
• Error propagation with increase in time-step length was found to be very similar to RSCAD’s 

PD model
• RSCAD’s PD-L  results were found to diverge from that of the conventional PD model for large 

time-steps.
• The combined use of PD and DQ quantities, and  avoiding non-essential calculations, resulted 

in an efficient and accurate IM model implementation, that preserves the combined strengths 
of the DQ and PD formulations. 

CONCLUSIONS
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