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OpenDSS PVSystem and InvControl Element
Models

1 OpenDSS PVSystem Element Model

Figure 1 shows a schematic diagram of the PVSystem element model that is implemented in OpenDSS
version 9 and above. The model combines the photovoltaic (PV) array and the PV inverter. It
assumes that the inverter is capable of tracking the maximum power point (mpp) of the panel
quickly, allowing adequate use in QSTS simulations with a time step of at least one second. This
considerably facilitates PV modeling and is an adequate assumption for most interconnection impact
studies.
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Figure 1: Block diagram of the PV System element model

1.1 Definition of PVSystem properties

The properties needed to define a PVSystem element in OpenDSS can be separated into 3 groups:
1. PV array properties;
2. PV inverter properties;
3. Operating conditions properties.

These groups are described separately below.
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1.1.1 PV array properties

The PV array properties that need to be defined in the model are:

e Pmpp: The rated maximum power of the PV array, in kW, for 1kW/m? irradiance and a
user-defined temperature. The P-TCurve property (below) should be defined relative to the
user-defined temperature.

e P-TClurve: Correction factor curve of the PV array per unit of Pmpp as a function of the
PV array temperature. As can be seen in Figure 2, the correction factor should be 1.0 for
the temperature at which Pmpp is defined, in this case 25 °C. The PV array generates its
rated maximum power, Pmpp, when operating at that temperature, 25 °C, and with 1 kW /m?
irradiance. To define this curve in OpenDSS, the user must use the XY Curve object, as shown
below.

({New XYCurve.FatorPvsT npts=4 xarray=[0 25 75 100] yarray=[1.2 1.0 .8 .6] ]
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Figure 2: Correction factor vs Temperature

1.1.2 PV inverter properties

The inverter properties that may be defined in the model are:
e kVA: Inverter’s kVA rating;
e kV: Nominal rated (1.0 per unit) voltage, kV, for PVSystem element:
— If 3-phase PVSystem elements, specify line-to-line kV;
— If 1-phase wye (star or LN), specify line-to-ground kV;
— If 1-phase delta or phase-phase connected, specify line-to-line kV.

e Phases: Number of Phases of PVSystem element;
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bus1: Bus to which the PVSystem element is connected. May include nodes definition;
conn: Connection of PVSystem element;

PF': Power factor for the output power (AC power). Setting this property will force the in-
verter to operate in CONSTANT POWER FACTOR MODE. By definition, when this value is
negative, the inverter absorbs reactive power (inductive characteristic) and, when positive, it
provides reactive power (capacitive characteristic);

kvar: Output reactive power. Setting this property forces the inverter to operate in CON-
STANT kvar MODE. When this value is negative, the inverter absorbs reactive power (induc-
tive characteristic) and, when positive, provides reactive power (capacitive characteristic);

%Pmpp: Upper limit on output active power as a percentage of Pmpp;

%cutin: Percentage of inverter’s kVA rating, see kVA property. When the inverter is OFF, the
power from the PV array (DC power) must be greater than this value for the inverter to turn
ON;

%cutout: Percentage of inverter’s kVA rating, see kVA property. When the inverter is ON, it
turns OFF when the power from the array (DC power) drops below this value;

kvarMax: Maximum value of reactive power, in kvar, that the inverter can provide to the grid;

kvarMaxAbs: Maximum value of reactive power, in kvar, that the inverter can absorb from the
grid (as an un-signed value);

VarFollowInverter: Boolean variable which indicates that the reactive power does not respect
the inverter status.

— When set to True, PVSystem’s reactive power will cease when the inverter status is OFF,
due to the power from PV array dropping below %cutout. The reactive power will begin
again when the power from PV array is above %cutin;

— When set to False, PVSystem will provide/absorb reactive power regardless of the status
of the inverter.

WattPriority: Boolean variable which determines whether the inverter should prioritize the
active or reactive power when its capacity, kV A, is exceeded.

— When set to True, the active power is prioritized;
— When set to False, the reactive power is prioritized.

PFPriority: Boolean variable which, when set to True, forces the power factor value to its
rated value, PF', when the inverter capacity, kV A, is exceeded. This property, if enabled, takes
precedence over WattPriority property;

% PminNoVars: Percentage of the Pmpp. The inverter is not allowed to provide/absorb reactive
power when its active output power is less than this value;

% PminkvarMax: Percentage of the Pmpp. The inverter can provide/absorb reactive power up
to its maximum allowed value, kvarMax or kvarMazAbs, respectively, when its active output
power is greater than this value;
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o EffCurve: Inverter efficiency curve. This curve characterizes the variation of the inverter
efficiency as a function of the power from PV array, P,., in per unit of inverter’s kVA rating, as
can be seen in the Figure 3. For each DC bus voltage, there is an efficiency curve of the inverter,
however, the present version of the model only defines one curve that generally corresponds
to the rated voltage of the DC bus. To define this curve in OpenDSS, the user must use the
XYCurve object, as shown below.

[New XYCurve. Eff npts=4 xarray=[.1 .2 .4 1.0] yarray=[.86 .9 .93 .97] ]

S
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Figure 3: Inverter efficiency curve

1.1.3 Operating conditions properties

The irradiance and temperature on the PV array are the data that define the operating condition.

Irradiance The properties to define the irradiance for a time duration are:

e irradiance: Base value of irradiance in kW /m? for QSTS simulations and present irradiance
value for static simulations;

e yearly or daily or duty: yearly, daily or duty irradiance curves, respectively. These curves are
defined in pu of the value defined in the irradiance property. To define this curve in OpenDSS,
Figure 4, you must use the LoadShape object, as shown below.

New Loadshape.Irrad npts=24 interval=1
~ mult=[0 000O0O0 .1 .2 .3 .5 .8 .9 1.0 1.0 .99 .9 .7 .4 .1 00 0 0 0]

Temperature

e temperature: Present temperature on the PV array. This property is used only for static
simulations, while T'shape is used for QSTS simulations;
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Figure 4: Daily irradiance curve

e Tshape: Temperature curve for a time duration, in °C, on the PV array. To define this curve
in OpenDSS, the user must use the Tshape object, as shown below.

New Tshape.Temp npts=24 interval=1
T temp=[25 25 25 25 25 25 25 25 35 40 45 50 60 60 55 40 35 30 25 25 25 25 25 25]
60 +
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Figure 5: Daily temperature curve

1.2 Interface to circuit model

PVSystem is considered to be a PC element that is modeled by a Norton equivalent in which the
constant and linear Norton admittance is included in Y5t and the nonlinear characteristics are
represented by the compensation current sources. The Norton equivalent is calculated based on the
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present output power delivered to the circuit (grid), as presented in the subsubsection 1.2.1, and a
few PVSystem properties.

1.2.1 Power delivered to the circuit

The steps taken to obtain the power delivered to the circuit in the time step, ¢, are presented in this
section. This process can be repeated multiple times for the same time step, ¢, within the control
loop if there is an InvControl element controlling this PVSystem.

Step 1: Calculation of PV array’s output power The irradiance at a time step, ¢, is converted
into PV array’s DC output power, P,.[t], according to Equation 1.

Py.[t] = Pmpp X irradiance x irradiance[t] x PTCurve(Temperaturelt]) (1)

Where:

e irradiance: Base value of irradiance in kW/m?. For static simulations, this value represents
the present irradiance on PV array and therefore there is no need to define irradiance]t];

e irradiance[t]: Value of the yearly, daily or duty irradiance curve in the time step, t;

e PTCurve(Temperature[t]): Value of the correction factor in the time step ¢ due to the tem-
perature Temperature(t];

e Temperature|t]: Value of the temperature curve in time step ¢. For static simulations, however,
the user must set the present temperature T'emperature instead of this property.

Besides the inverter efficiency curve, another simplification of the model considers that the ratio of
PV array’s output power, P,., to irradiance is linear, as can be seen in the Simplified curve (red
curve) of Figure 6, however, the relationship between them, Real curve, is not constant for the entire
range of irradiance values. It should be noted that the Real curve (blue curve) of Figure 6 does not
correspond to a measured curve, it is just illustrative.

Step 2: Checking the PV inverter status The inverter status at time step t depends on its
status in the previous time step, t — 1, as shown below.

When the inverter status is OFF in ¢t — 1, it means that P,.[t — 1] = 0. It is turned ON in ¢ according
to Equation 2.

Y%cutin x KV A

tatus|t| = ON, if P,.lt] >
Status[t] = ON, if Pu[t] > 100

(2)

When the inverter status is ON in ¢ — 1, it means that P,.[t —1] > 0. It is turned OFF in ¢ according
to Equation 3.

Y%cutout x kV A

= OFF, if P,
Status[t] = OFF, if Py[t] < 100

(3)




EPE' ELECTRIC POWER
August 17, 2020 | RESEARCH INSTITUTE
Paulo Radatz, Celso Rocha, Wes Sunderman, Matthew Rylander, and Jouni Peppanen

—— simplified
1 +|— Real
=
=
& 0,5
0 1 1
0 0,5 1

Irradiance [pu]

Figure 6: PV array output power vs Irradiance

One model constraint is the need to have %cutout less than or equal to %cutin.

Step 3: Calculation of the inverter desired active output power The inverter desired
active output power is calculated by Equation 4. In this step, the maximum active power limit is
also verified by means of the %Pmpp property of the PVSystem and the active power limit, Pp;mi[t],
resulting from an eventual operation of the volt-watt function of an InvControl element that might
be controlling the PVSystem.

0, if the inverter status is OFF
P [t] = S Primitnein|t], if Paclt] X Ef fCurve > Priminsint] (4)
Py.lt] x Ef fCurve, otherwise

Where:

. (% Pmpp x Pmpp
min
100
% Pmpp x Pmpp

100

s PLimit [ﬂ) s Primit[t] from volt-watt

(5)

PrLimitarin|t] =

, otherwise

Step 4: Specification of inverter desired reactive power The inverter desired reactive power,

! 1s defined separately from the active power and can be specified as either a fixed kvar value,
using the kvar property, or as a function of a constant power factor using PF property. In the
first case, the inverter must try to keep the value of the reactive power constant and equal to kvar,
regardless of the present value of the output active power. In the second case, which corresponds to
the smart inverter function named as constant power factor, the inverter changes the reactive power
to maintain the nominal power factor. Another way of setting the desired value of the reactive power,

! o 1s done by the operation of a few functions of the InvControl element, as shown in the section 2.
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Step 5: Checking the inverter reactive power limits The desired reactive power after the
verification of its limits is presented in equations 6 and 7. Equation 6 is used when the desired

' |t], is positive and, Equation 7, when it is negative.

reactive power, ()7,

" gc[t]v if Q;c[t] < |QLimit [tH
t| = 6
QGC[ ] {’QLimit [tH> if Q/ac[t] Z ‘QLimit [t“ ( )
" —1Q Limitney [t]], if Qelt] < —[QLimite, [t]]
_ g 9 7
Vel { 11— Quam [] < QL o

Equation 8 and Equation 9 present the limits of the provided and absorbed reactive power, respec-
tively, as a function of the active power delivered to the grid.

0, if Pac[t] < Pmin

kvar M
M X Pac[ﬂ; 1f Pmm S Pac[t] < Pmaac (8)

kvarMaz, if P.[t] > Pra.

|QLimit[t]] =

0, if Pac[t] < Pmm

kvarMaxAb
% X Pac[t]7 lf szn S Pac[t] < Pmax (9)

kvar MaxAbs, if P,.[t] > P

|Q Limitne, [t]]| =

Where:
o P . _ %PminNoVars x Pmpp
e 100
o P % PminkvarMax x Pmpp
max 100

If the inverter status is OFF, Q7 [t] can only be non-zero when the VarFollowInverter property is set
to NO or False.

Step 6: Checking inverter capability The maximum inverter capacity corresponds to its kVA
rating. Active and reactive power that are delivered to the grid can be defined according to Equations
10 and 11 when the inverter capacity is not exceeded.

Poclt] = Py.lt] (10)

Qaclt] = Qqc[t] (11)

If its capacity is exceeded, the PV inverter limits the value of |S[t]| to its kVA rating, kV A property.
As a result, P, [t] and/or Q”.[t] should be reduced to meet one of the following 3 priorities:
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e Power factor priority Equations 12 and 13 present the values of the active and reactive
power that are delivered to the grid when the inverter capacity is exceeded under power factor

priority.
P,.[t] = kVA x |PF)| (12)
Qaclt] = kVA x V1 — PF? x signal(PF) (13)

e Active power priority Equation 14 presents the new reduced value of the reactive power that
is delivered to the circuit when the inverter capacity is exceeded under active power priority.
If the active power is greater than or equal to the capacity of the inverter, the new value of
the active power that is delivered to the grid becomes the kVA rating and therefore, there is
no room for reactive power, according to Equation 15.

Qac[t] - \/l'd/A2 - Pac[t]Q (14)

Pl = {kVA, if P/ [t] > kVA (15)

P! [t], otherwise

e Reactive power priority Equation 16 presents the new reduced value of the active power that
is delivered to the circuit when the inverter capacity is exceeded under reactive power priority.
If the reactive power is greater than or equal to the capacity of the inverter, the new value of
the reactive power becomes the capacity of the inverter itself, according to Equation 17, but
this can only happen if the inverter is capable of providing or absorbing reactive power without
any active power, in other words, when the VarFollowInverter property is set to either NO or
False.

Pac[t] = \/k‘iVVA2 - Qac[tP (16>

/" (17)

kV A x signal(QV [t]), if |Q".[t]| > kV A
Qac[t] - .
[t], otherwise

Finally, the apparent power provided by the PVSystem in a time step ¢ can be written according to
Equation 18.

S[t] = Pac[t] + anc[t] (18)
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Figure 7: A three-phase PVSystem modeled as a Norton Equivalent

1.2.2 Norton equivalent

This section presents the Norton equivalent definition for a three-phase PVSystem connected to the
grid through the bus named as Connection Bus, as presented in Figure 7.

By observing Figure 7, the following electric quantities can be defined:
e Nodal voltages: '
.
V=V (19)
Vs
e Terminal currents: )
. ['terml
Iterm = Itermg (2())

]term3

10
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e Norton or compensation currents:

I compi

icomp = Icompg (21)

I comps

e Linear currents: )
[linearl

ilinear = ]'linearg (22>

I linears

The normal power flow solution technique in OpenDSS is based on the Equation 23.

I = Ystem x V (23)

Where:
o I Injected current array;
e V: System voltage array.

OpenDSS computes the compensation currents from each PC element to populate the injected current
array. Therefore, the main purpose of this section is to understand how OpenDSS calculates the
compensation currents for PVSystem. It means: Ieomp,, Leomps a0d Loomps

Firstly, it is possible by means of Kirchhoff’s first law to express the compensation currents in function
of the linear and terminal currents, as presented in Equation 24.

[compl ]terml [linearl
[compg = [termg + [l'meam (24>
[compg ]termg ]linearg

The linear currents can be written as a function of the nodal voltages, Equation 25, and the terminal
currents as a function of both the three-phase apparent power provided by the PVSystem , Ss4, and
the nodal voltages, Equation 26. (It is assumed that PVSystem operates with constant power).

I:lineam }_/linear B 0 0 ‘/1
I'linearg = 0 Ylinear 3 0 . ‘/2 (25)
[linearg 0 0 Yzinear ‘/3

| B

].terml 3 g* 1/‘/1*

I'termg = O %qb O . 1/‘/2* (26>

Itermg O O S’g(ﬁ 1/‘/23*

: 3

11
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The Norton or linear admittance, Yineqr, is calculated using the apparent power provided by the
element, according to Equation 27.

Einear = % (27>

Where:
e V, corresponds the rated voltage of the PVSystem.

The final expression for the calculation of the compensation currents, therefore, is presented in
Equation 28.

-5 7 = |
I % 0 0 1/V V2 ’ ’ '
compy o /‘/1 " Q* Vi
Toomps 0 0 YVl + | 0 5% 0 V) (28)
oy S s | L ol | L
- 3 _ 7 |

The compensation currents are calculated as shown above if two conditions are satisfied. First, the
model property of the PVSystem is set equal to 1, the default OpenDSS value for constant power
operation. And second, each nodal voltage has to be in the range defined by the V,,inpu and Viazpu
properties, which by default are 0.9 and 1.1, respectively. Outside this range, the corresponding
phase of the element is modeled as constant impedance.

2 OpenDSS InvControl Element Model

The functionality of inverters modeled in OpenDSS can be separated into two groups. The first
consists of the functionalities modeled on the PC element itself, PVSystem and Storage2. And the
second has the features that are modeled on the OpenDSS InvControl element, the ones described
in this section.

This separation is made due to the nature of the functionalities from the point of view of the OpenDSS
simulation process. The functions of the first group are able to change the output power value of
the PC element without the need for any power flow result and therefore they need just one control
iteration of the control loop. On the other hand, the functions of the second group need a power flow
result to then check whether or not it is necessary to perform a control action (change the output
power of the PC element) and this is done through the control loop.

For InvControl, voltages are sampled to check if any control action is required. These voltages may
be the terminal or nodal voltages of the PC element or, alternatively, the line-to-line or line-to-
ground voltages of a monitored bus or buses. In the description of the following properties, the
term monitored voltage refers to the voltage chosen by means of one of the 2 options above. The
subsection 2.4 presents a more detailed explanation of how the monitored voltage is calculated.

12
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To use the InvControl element it is necessary to define two sets of properties, the first one corresponds
to the properties that are common to all the smart functions, and the second one corresponds to the
properties specific to each smart function, with can be either Reactive CONTROL, Active LIMIT or
both.

2.1 Common properties

The common properties that need to be defined in InvControl are listed below:

e DERList: Array list of PVSystem and/or Storage2 elements to be controlled. If not specified,
all PVSystem and Storage2 in the circuit are assumed to be controlled by this control;

e mode: Smart inverter function in which the InvControl will control the PC elements specified
in DERList, according to the options below:

— VOLTVAR: Smart inverter volt-var function. This mode attempts to CONTROL the vars,
according to one or two volt-var curves, depending on the monitored voltages, present
active power output, and the capabilities of the PC element;

— VOLTWATT': Smart inverter volt-watt function. This mode attempts to LIMIT the watts,
according to one defined volt-watt curve, depending on the monitored voltages and the
capabilities of the PC element;

— DYNAMICREACCURR: Smart inverter Dynamic Reactive Current (DRC) function. This
mode attempts to increasingly counter deviations by CONTROLLING vars, depending
on the monitored voltages, present active power output, and the capabilities of the PC
element;

— WATTPF': Smart inverter watt-pf function. This mode attempts to CONTROL the vars,
according to a watt-pf curve, depending on the present active power output, and the
capabilities of the PC element;

— WATTVAR: Smart inverter watt-var function. This mode attempts to CONTROL the
vars, according to a watt-var curve, depending on the present active power output, and
the capabilities of the PC element;

e Combimode: Combination of smart inverter functions in which the InvControl will control the
PC elements in DER List, according to the options below:

— VV_VW: Smart inverter volt-var and volt-watt function;
— VV_DRC": Smart inverter volt-var and DRC function.

e voltage_curvexr_ref: Base voltage that is considered to calculate the monitored voltage in pu,
the options are listed below:

— rated: It uses as base voltage the rated voltage of the controlled element;

— avg: It uses an average value as the base voltage. This average value is calculated using
the monitored voltage values of previous time steps that are stored in a moving window.
This window has a length in units of time, defined in the avgwindowlen;

13
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— ravg: It uses as base voltage the rated voltage of the controlled element. However, the
value that is used to calculate the monitored voltage in pu is the average value of the
moving window described in option avg.

o avgwindowlen: The time length of the averaging window;

e VoltageChangeTolerance: Tolerance in pu of the control loop convergence associated to the
monitored voltage in pu. This value is compared with the difference of the monitored voltage
in pu of the current and previous control iterations of the control loop;

e RateofChangeMode: Auxiliary option that aims to limit the changes of the desired reactive
power and the active power limit between time steps, the alternatives are listed below:

— INACTIVE: It indicates there is no limit on rate of change imposed for either active or
reactive power output;

— LPF: A low-pass RC filter is applied to the desired reactive power and/or the active
power limit to determine the output power as a function of a time constant defined in the
LPFTau property;

— RISEFALL: A rise and fall limit in the change of active and/or reactive power expressed
in terms of pu power per second, defined in the RiseFallLimit, is applied to the desired
reactive power and/or the active power limit.

e RiseFallLimit: Limit in pu power per second used by the RISEFALL option of the Rate-
ofChangeMode property. The base value for this ramp is defined in the RefReactivePower
property and/or in Voltwatt YAwis;

e LPFTau: Filter time constant of the LPF' option of the RateofChangeMode property. The time
constant will cause the low-pass filter to achieve 95% of the target value in 3 time constants.

e monBus: Array list of monitored buses with their nodes;

e monBusesVbase: Array list of rated voltages of the buses and their nodes presented in the
monBus property. This list may have different line-to-line and/or line-to-ground voltages;

e monVoltageCalc: Calculation options for monitored voltage in V. These options can be applied
to the nodal voltages of the controlled element or to the list of voltages of the buses defined in
the property monBus:

— AVG: Calculates the mean of the voltages;
— MAX: Stores the maximum voltage;
— MIN: Stores the minimum voltage.

Considering that the list of voltages of the buses defined in monBus may present values with
different magnitudes, the list that is actually used in this step corresponds to the list that
presents its Volts values based on the same base voltage, which is the rated voltage of the
controlled element. Step 3 of subsection 2.4 presents this process in more details.

14
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2.2 Properties of functions that CONTROL reactive power

The functions that control reactive power of the controlled element have in common a property
that defines the base reactive power and two that are associated with the control loop convergence.
These functions are volt-var, DRC, watt-pf, watt-var, volt-watt combined with volt-var and volt-var

combined with DRC.

e RefReactivePower: Defines the base reactive power for both the provided and absorbed reactive
power, according to one of the following options:

— VARAVAL: The base values for the provided and absorbed reactive power are equal to
the available reactive power;

— VARMAX: The base values of the provided and absorbed reactive power are equal to the
value defined in the kvarMaz and kvarMazAbs properties, respectively.

e VarChangeTolerance: Tolerance in pu of the convergence of the control loop associated with
reactive power. For the same control iteration, this value is compared to the difference between
the desired reactive power value in pu with the output reactive power in pu of the controlled
element;

e delta@) factor: Maximum change in pu from the prior reactive output power to the desired
reactive output power during each control iteration. If it is not set or set equal —1, OpenDSS
will use its automatic convergence algorithm.

2.2.1 Properties of smart inverter volt-var function

The following list shows the properties that should be set when the volt-var function is enabled
through one of the ensuing three modes: VOLTVAR, VV_ VW or VV_DRC.

e vuc_curvel: Name of the XYCurve object containing the volt-var curve. The positive values
of the y axis of the volt-var curve represent values in pu of the provided base reactive power.
The negative values of the axis y, are values in pu of the absorbed base reactive power. Those
defined in the RefReactive Power property;

2.2.2 Properties of smart inverter DRC function

The following list shows the properties that should be set when the DRC function is enabled through
one of the ensuing two modes: DYNAMICREACCURR or VV_DRC.

e DbuMin: The per-unit voltage lower limit of the deadband of the DRC function. When the
monitored voltage is within this deadband, no reactive power can be provided or absorbed;

e DbuMax: The per-unit voltage upper limit of the deadband of the DRC function. When the
monitored voltage is within this deadband, no reactive power can be provided or absorbed;

e ArGraLowV: Ratio between the reactive power provided or absorbed and the difference between
the monitored voltage and the average voltage of the averaging window of the DRC function.
This rate is applied when the monitored voltage is less than DbvMin;
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o ArGraHiV: Ratio between the reactive power provided or absorbed and the difference between
the monitored voltage and the average voltage of the averaging window of the DRC function.
This rate is applied when the monitored voltage is greater than DbvMax;

e DynReacavgwindowlen: The time length of the averaging window of the DRC function.

2.2.3 Properties of smart inverter watt-pf function

The following list shows the properties that should be set when the watt-pf function is enabled
through the mode: WATTPF.

e wattpf curve: Name of the XYCurve object containing the watt-pf curve. The positive values
of the y axis of the watt-pf curve represent that the output reactive power calculated is in the
same direction of the output active power. The negative values of the axis y represent that the
output reactive power calculated is in opposite direction of the output active power;

2.2.4 Properties of smart inverter watt-var function

The following list shows the properties that should be set when the watt-pf function is enabled
through the mode: WATTVAR.

e wattvar _curve: Name of the XYCurve object containing the watt-var curve. The positive
values of the y axis of the watt-var curve represent values in pu of the provided base reactive
power. The negative values of the axis y, are values in pu of the absorbed base reactive power.
Those defined in the RefReactivePower property;

2.3 Properties of functions that LIMIT active power

The functions that limit the active power of the controlled element have two properties in common
that are associated with the convergence of the control loop. The functions that limit active power
are volt-watt and volt-watt combined with volt-var.

o ActivePChangeTolerance: Tolerance in pu of the convergence of the control loop associated with
active power. For the same control iteration, this value is compared to the difference between
the active power limit in pu resulted from the convergence process and the one resulted from
the volt-watt function;

e deltaP _factor: Maximum change in pu from the prior active power limit to the one resulted
from the volt-watt curve during each control iteration. If it is not set or set equal —1, OpenDSS
will use its automatic convergence algorithm.

2.3.1 Properties of smart inverter volt-watt function

The following list shows the properties that should be set when the volt-watt function is enabled
through one of the ensuing two modes: VOLTWATT or VV_VW.
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e voltwatt curve: Name of the XYCurve object containing the volt-watt curve;

o VoltwattYAuxis: Defines the y axis in pu of the volt-watt curve. The options for this property
are listed below:

— PMPPPU: The y axis corresponds to the value in pu of Pmpp property of the PVSystem;

— PAVAILABLEPU: The y axis corresponds to the value in pu of the available active power
of the PVSystem,;

— PCTPMPPPU: The y axis corresponds to the value in pu of the power Pmpp multiplied
1
by 100 of the %Pmpp property of the PVSystem:;

— KVARATINGPU: The y axis corresponds to the value in pu of the kVA property of the
PVSystem.

2.4 InvControl operation in the control loop
This section shows the operation of the control loop when only one InvControl is the control element
in the circuit.

Figure 8 shows the block diagram of the control loop and as can be seen there are no delayed control
actions when only InvControl elements are considered.

The operation of InvControl is described for the time step ¢ and control iteration j. The following
are the main steps in the control loop that are described:

1. Step 1: Power Flow;

2. Step 2: Sample the Control Elements;
3. Step 3: Control Actions for ¢ Done?;
4. Step 4: Execute Control Actions for t.

Step 1: Power Flow To perform the power flow, OpenDSS calculates the PC compensation
currents of the PC elements using their powers. Therefore, the active power, P,.[t];, and reactive
power, Qq[t];, of the PVSystem element are calculated according to the six steps described in 1.2.1.

As a result of the power flow, all system voltages are calculated.

Step 2: Sample the Control Elements The InvControl samples voltages that are used to verify
the need for a control action. If this is the case, InvControl includes this action in the control list.
The processes performed in this step are presented in the following items:

e Calculation of the monitored voltage in Volts

The voltages sampled by InvControl can be the nodal voltages of the controlled element or
line-to-line and/or line-to-ground voltages of monitored bus or buses.
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Initialize time step ¢
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Actions for ¢ for t
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Execute Control Actions for ¢

Control actions for ¢

Figure 8: Block diagram of the control loop when only InvControl elements are considered

By default the InvControl samples the nodal voltages of the controlled element. For example,
for a three-phase element, the voltages monitored in V' can be written according to Equation 29.

WVinom [1]5 5 Vinons [t]; 5 Vimons [t1;] (29)

In order to sample voltages of monitored bus or buses, the monBus and monBusesVbase prop-
erties of InvControl must be used. The monBus property stores the monitored buses and their
nodes defined in a list and the monBusesVbase property stores the list with the correspond-
ing base voltages for each of these monitored buses. For instance, Equation 30 shows the list
with two monitored voltages (resulted from power flow) and Equation 31 the list with their
respective base voltages.

[VmonBusA1 [t]j ) VmonBusB12 [t]]] (3())
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[%asel ) ‘/baseg] (31>

Where:
— VinonBusa, [t]; corresponds to the line-to-ground voltage of the node 1 of the bus A;

— VinonBusBi, [t]; corresponds to the line-to-line voltage between the nodes 1 and 2 of the bus
B.

The values of the voltages of Equation 30 can present base voltages with distinct values and
therefore, this list must have its values corrected to the same base voltage, which correspond
to the rated voltage of the controlled element, as presented in Equation 32. This is necessary
so that the calculation of the monitored voltage in V' is made considering voltages of the same
order of magnitude.

‘/elementbase

‘/elementb
ase 32
%asel ] ( )

) vmonBusBlz [t]]
‘/baseg

[vmonBusAl [t]] X

Where:

— Vilement,,,. corresponds to the rated voltage of the controlled element which is the £V
property value of the PVSystem.

A unique monitored voltage in V' is calculated from one of the two lists present in Equations
29 or 32. The options for this selection are present in the monVoltageCalc property and are
applied in the list to calculate the maximum, minimum or average value, according to the
options described below:

— For AVG, the average monitored voltage is calculated by applying the mean in the list;
— For MAX, the monitored voltage is the maximum value present in the list;
— For MIN, the monitored voltage is the minimum value present in the list.
Thus, as a result, the monitored voltage in V' is defined as V,on[t];.
e Calculation of the per-unit monitored voltage

The monitored voltage in pu, Vpmen[t];, applied to the smart inverter volt-var and volt-watt
functions, is calculated using the monitored voltage in V', V,,,,,[t];, through one of the options
in the voltage curvexr ref property shown below:

— For rated, the monitored voltage in pu is calculated according to Equation 33.

Umonlt]y = menlfli (33)

‘/;lementbase

— For avg, the monitored voltage in pu is calculated according to Equation 34.

omonlt]; = V:m—[ﬂm (34)
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— For ravg, the monitored voltage in pu is calculated according to Equation 35.

Umon [t]j — M (35)

‘/;lementobase

Where:

— Vinonaw, t] is the mean value of the monitored voltages in pu of the previous m time steps
that can be stored in the moving window with length defined in the avgwindowlen property,
as can be seen in Equation 36.

1 m
Vinonaug 1] = — > Vmonlt — K (36)
k=1

For instance, an averaging window with three time step length, Vion,,,[t] is calculated
according to Equation 37.

1
Vmonavg [t] = g X (Vmonaug [t - 1] + Vmonavg [t - 2] + Vmonavg [t - 3]) (37>

For smart inverter DRC functions, the monitored voltage in pu is always calculated according
to Equation 38.

o Vinon [t]j

Umondrc I:t]j -

(38)

‘/elementobasE

e Calculation of the output active power desired in pu The smart inverter functions watt-
pf and watt-var do not depend on any voltage to operate, instead they just need the output
active power desired. The output active power desired is the power that the inverter would
provide or absorb if kVA rating of the inverter is not exceed. For the PVSystem, it is calculated
as shown in the Equation 39

0, if the inverter status is OFF
Pdesired [t] - PLimitMin [t]7 it Pdc [t] X EffCUT‘U€ 2 PLimitMin [t] (39)
Py.[t] x Ef fCurve, otherwise

P P
Where: Primitarin[t] = 4 mp11)0>(<) -

The base active power value used for those functions is the rated active power in which for the
PVSystem is the Pmpp, according to the Equation 40

Pesz’re t
pdesired[t] = dpmp(;[ ] (40)

20



EPE' ELECTRIC POWER
August 17, 2020 | RESEARCH INSTITUTE
Paulo Radatz, Celso Rocha, Wes Sunderman, Matthew Rylander, and Jouni Peppanen

e Checking the need for control action

If the convergence criteria of the InvControl are satisfied, no control action is sent to the control
list in the current iteration, j. However, for the first control iteration, j = 1, always the action
is sent, so the criteria given below are only valid for j > 1.

Voltage convergence criterion The voltage criterion is performed by comparing the mon-
itored voltage in pu between the control iterations j and j — 1, according to Equation 41.

Umon[t]j - Umon[t]jfl < 51) (41>

If the DRC function is selected, the Equation 42 presents the convergence criterion that needs
to be satisfied.

vmond'rc [t]J - Umondrc [t]jfl < 6’” (42>

Where &, corresponds to the tolerance defined in the VoltageChangeTolerance property.

If the combined volt-var and DRC function is enabled, both the criterion of Equation 41 and
Equation 42 must be satisfied.

Reactive power convergence criterion The convergence criterion for reactive power is
performed by comparing the desired reactive power in pu, ¢penq[t];, and the reactive power in
pu of the controlled element, both from the control iteration j, as Equation 43.

qDend[t]j - Cf#[[tt]]j_l < gq if Qbase [t]j—l Z 0 (43)
Qac[t]j .
qDend(t]; — m < &g if Qpase[t]j—1 <0 (44)

Where:
— &, corresponds to the tolerance defined in the VarChangeTolerance property;
— (Dendlt]; is discussed in the Equation 75 of Step 4;

— Qbase[t]j—1 and Qpase,..,[t]j—1 are the base reactive power values for the provided and ab-
sorbed reactive powers from the previous control iteration, j — 1, respectively. The calcu-
lation of these values is presented in Step 4.

Active power convergence criterion The convergence criterion for active power is per-
formed by comparing the active power limit in pu, prenq[t];, with the active power limit in pu
which is the result of the convergence process, according to Equation 45.
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Primit[t];

Pbase [t]j—l < £p <45>

— PLend [t]]

Where:
— &, corresponds to the tolerance defined in the ActivePChangeTolerance propertys;
— DrLend[t]; 1s discussed in the Equation 74 of Step 4;

— Pyselt]j—1 is the base active power value from the provius control iteration, j — 1. The
calculation of these values is presented in Step 4.

It is important to notice that this comparison does not use the output active value of the
controlled element. The reason is that the nature of the volt-watt function is to set an active
power limit instead of a desired value. Therefore, the convergence criterion for active power
could be satisfied with an output active power of the controlled element less than the active
power limit set by the volt-watt function.

Step 3: Control Actions for ¢t Done? The control loop converges for a time step ¢t when there
is no control action in the control list for this time step. Otherwise, the process proceeds to Step 4
described below.

Step 4: Execute Control Actions for ¢ The control action for InvControl is performed by
changing the reactive power and/or limiting the active power of the PVSystem. The items performed
in this step are described below:

e Calculation of base values of power

Two base values of reactive power are defined, one used when the reactive power is positive or
provided. And another, when the reactive power is negative or absorbed. These values depend
on the options of the RefReactivePower property as shown below:

— For VARMAX, the base values of reactive power are calculated according to Equation 46
and Equation 47 to be used when the reactive power is positive (capacitive) and negative
(inductive), respectively.

Qbaselt]; = kvarMax (46)

Qbasene, [t); = kvarMaxAbs (47)

— For VARAVAL, both base values are calculated according to Equation 48.

Quaseltl; = Quasen, [t]; = \/HV A2 — P21, (43)

If Qpase(t]; calculated above results in 0, then Qpqse[t]; is set to be equal to kvarMaz.
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The base value of active power depends on the options of the VoltwattYAxis property as shown
below:

— For PMPPPU, the base value is equal to the Pmpp property of the PVSystem, as can be
seen in the Equation 49.

Pbase [t]j = Pmpp (49>

— For PAVAILABLEPU, the base value corresponds to the available active power of the
PVSystem in the time step ¢, which is calculated according to Equation 50.

Pyuse[t]; = Paclt] x Ef fCurve (50)

Where P,.[t] = Pmpp xirradiance x irradiance[t] x PT Curve(Temperaturelt]), as shown
in Equation 1.

— For PCTPMPPPU, the base value is calculated according to Equation 51.

%Pmpp x Pmpp
Pbase[t]j = 100

(51)

— For KVARATING, the base value corresponds to the kVA rating of the inverter, as can
be seen in the Equation 52.

Praselt]; = kV A (52)

e Calculation of the smart inverter function

The goal of this item is to calculate the desired reactive power, ¢prun[t];, and/or the active
power limit, py run(t];, according to the modes below:

Smart Inverter volt-var Function For the smart inverter volt-var function, the monitored
voltage in pu is applied , Umen[t];, in the volt-var curve defined in the vve_ curvel property to
obtain the desired reactive power value in pu, ¢pfun[t];. The Figure 9 below shows an example
of an user-defined volt-var curve.

The desired reactive power in pu can be written according to Equation 53.

quun[t]j = fvv(vmon[t]j) (53>

Smart inverter DRC function For the smart inverter DRC function, the desired reactive
power value is set according to Equation 54.
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q+ (pu)
A

1

Figure 9: volt-var curve

—AUmon,,. [t]; X ArGraLowV if vyen,,.[t]; < DbvMin
afunltly = § —AUmony,.[t]; X ArGraHiV if vien,, [t]; > DbvMax (54)
0, otherwise

Where the voltage difference is calculated according to Equation 55.

A/U"nonclrc [ﬂ] = /Umondrc [t]] - UU}indowdrc [t]] (55)

And Vyindow,,, [t]; corresponds to the mean of the voltages of the averaging window of the DRC
function. This average voltage is calculated according to Equation 56 considering that the
averaging window is capable of storing the voltages of m previous time steps. The time-scale
length of this window is set in the DynReacavgwindowlen property.

m
1
Uwindowdm j = E X E Umondm j (56>
k=1

Combined Smart inverter volt-var and DRC function For the combined mode of the
smart volt-var and DRC functions, the desired reactive power value is the sum of the result of
Equation 53 and Equation 54, according to Equation 57.

—AVpmon,,. [t]; X ArGraLowV if vyen,, . [t]; < DbvMin
qpfunltly = foo(Umon[t];) + § —Avpon,,. [t]; X ArGraHiV if vy, . [t]; > DbvMazx (57)
0, otherwise
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Smart inverter volt-watt function For the smart inverter volt-watt function, the mon-
itored voltage in pu is applied, vmen|t];, in the volt-watt curve defined in the wvoltwatt_ curve
property to obtain the active power limit value in pu, py, fus[t];. The Figure 10 shows an example
of an user-defined volt-watt curve.

p (pu)

| >
1 I -

U1 V2 Umon (p U)

Figure 10: volt-watt curve

The active power limit value in pu is calculated as shown in the Equation 58.

PrLfun[tl; = fouw(Umonlt];) (58)

Smart inverter watt-pf function For the smart inverter watt-pf function, the output active
power in pu is applied, pgesirea|t], in the watt-pf curve defined in the wattpf curve property to
obtain the power factor, Equation 59, and then calculate the desired reactive power value in
PU, ¢pfunlt]j, according to Equation 60. The Figure 11 shows an example of an user-defined
watt-pf curve.

prfun [t]] = prf (pdesired [t]) (59)

1

orE =1 % Signalpiosunltl) (60)

4D fun [t]] = pdesired[t] X \/

One can notice that the watt-pf curve, Figure 11, has the nominal/reference point in power
factor 1 instead of 0. As a result, the user needs to define this watt-pf curve based on a curve
that has its reference in power factor equal to 0, according the Figure 12. The discontinuity in
P2 is not a problem due to the reactive power is zero for either power factor equal 1 or -1.

In order to define the this watt-pf curve, the user needs to calculate the py, and include the
coordinates (pa, 1) and (pq, -1) into the OpenDSS XYcurve object.
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Figure 11: watt-pf curve

] ] >
I I s

D1 72 p3 Pdesired (pu)

—0.98 + /—
14

Figure 12: watt-pf curve with reference in zero

Smart inverter watt-var function For the smart inverter watt-var function, the output
active power in pu is applied, pgesirea|t], in the watt-var curve defined in the wattvar curve
property to obtain the desired reactive power value in pu, ¢pfun|t];, according to Equation 61.
The Figure 13 shows an example of an user-defined watt-var curve.

4D fun [t]j = fwv (pdesired [tD (61)

e Checking auxiliary options

The auxiliary options that can be selected are intended to limit the variations of the active
power limit and/or the desired reactive power during time steps. As a result of this verification,
PrLope(t]; and gpopc[t]; are defined.
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Figure 13: watt-var curve

Standard The standard option (default) does not limit the variation of the active power limit
and the desired reactive power, as can be seen in the Equation 62 and Equation 63.

Propeltl; = Prunlt]; (62)

qDopelt]; = apfunlt]; (63)

In this version of the model, the watt-pf and watt-var functions do not have the auxiliary
options implemented. Therefore, the Equation 62 and Equation 63 are applied.

LPF This option consists of applying the active power limit, pyf,,[t];, and/or the desired
reactive power, ¢p fun|t];, as input of a first-order low pass filter with time constant equal to 7.
As a result, the values of the options are set according to Equations 64 and 65. These equations
present as initial conditions the results of these equations in the previous time step, prope[t — 1]
and gpepe[t — 1]

Propeltly = Prpunltly X (1= €77) + propelt — 1] x €77 (64)

qDopelt]j = aDfun(t]; X (1 —€77) + qpope[t — 1] x €77 (65)

Where 7 is the value set in the LPFTau property.
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RF This option limits the change of the active power limit and the desired reactive power
between time steps to a maximum value. Equations 66 and 67 present the application of this

option.
A . A
Propelt = 1] + 35 o X AL i (pLsun(t]y — Propelt — 1]) > 32 5 X At
A . A
pLopc[t]j = pLopc[t — 1] — A_;:ZRF x At, if (poun[t]j _pLopc[t - 1]) < _T]:RF x At <66>
PLfun(t];, otherwise
A . A
QDopc[t — 1] + ﬁ_zRF X At, if QDfun[t]] — qDOpc[t — 1] > K(IZARF x At
qDopeltl; = § qpopelt — 1] = X% o X AL, i qDpunlt]y — qDopelt — 1] < =R pp X At (67)
4D fun(t]j, otherwise
Where:
A A
P and =4 are the value set in the RiseFallLimit property;

"~ Atrr At RF

— At is the stepsize of the QSTS simulation. In other words, it corresponds to the difference
between two consecutive time steps, ¢t and ¢ — 1, in a time scale.

e Checking inverter limits

The convergence process must use values that respect the limits presented in the modeling of
the PC element, in this sense, the values of the active power limit and the desired reactive power
are calculated considering the restrictions of the inverter. As a result of this check, priimlt];
and gpym|t]; are defined.

Equation 68 presents the calculation for the mode that have the smart inverter volt-watt func-
tion.

. (\/ kV A2 — Q2 [t]; %Pmpp x Pmpp) (68)

im|tl; = ’
brLi [ ]J 11 Pbase [t]] 100 x Pbase [t]]

For modes that have the smart inverter volt-var, DRC, watt-pf or watt-var functions, the
checking the inverter limits depends of the options of the RefReactivePower property, as can
be seen below:

— For VARMAX, the calculation of the reactive power limit of the inverter is performed by
means of Equation 69 when the inverter is configured to give priority to active power.

\/k;VAQ — Pt |Qrimaitlt];]

min , if qpope[t]; > 0
aoiinltl; = Quonclll; Quaell] o (69)
Dlim|]j —
! min \/k:VA2 — P(120 [t]] ’QLimitneg [t]]| lf an [t] < 0
Qbaseneg [t]j 7 Qbaseneg [t]J e
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On the other hand, with priority for reactive power, the calculation follows Equation 70.

imit [l .

Qbase [t]j

|Q Limitne, [t];]

QbaSEneg [t]]

qpumlt]; = (70)

if QDopc[t]j <0

For watt-pf function, besides the two priority options above, it can also have power factor
priority, as shown in Equation 71

kV A x \/ 1— prfun[t]g

if QDopc[t]j >0

Qbase [t]] (71)
kV A x \/ 1 _prfzm[t]?

Qbaseneg [t]]

qouimlt]; =

if QDopc[t]j <0

\

— For VARAVAL, the calculation of the reactive power limit is also performed using Equa-
tion 70. The watt-pf function does not have this option, it always works with VARMAX.

Where |Q Limit[t];]| and |Q Limit,., [t];] are calculated in Step 5 of subsubsection 1.2.1.
e Calculation of final/end values for the convergence process

In order to define the most restrictive values to be used in the convergence process. The final
values of the active power limit and the desired reactive power are calculated according to
Equation 72 and Equation 73, respectively.

pLend[t]j = min (CIDopC[t]j7 dDlim [t]j) (72)

qDendlt]; = min (gpopelt];; qpiim[t];) X signal(gpopet];) (73)

e Convergence process

The values calculated in the Equations 72 and 73 are not directly applied to set the new active
power limit and/or desired reactive power of the PVSystem. The reason is trying to avoid
instability in the convergence process. Therefore, Equations 74 and 75 present the values in
EW and kvar of the active power limit and the desired reactive power that are used to update
the values of the controlled element.

Primit[t]j = Paclt]j + (Prend[t]; X Poase[t]; — Puclt];) x AP (74)

Qac[t]j + (QDend[t]j X Qbase[t]j - Qac[t]j) X AQ if 4Dend [t]g 2 0

75
Qac[t]j + (QDend[t]j X Qbaseneg [t]] - Qac[t]j) X AQ if QDend[t]j <0 ( )

QDesired [t]] = {
Where:
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— AP corresponds to the value set in the deltaP _factor property;
— AQ corresponds to the value set in the delta®) factor property.

However, if the user wants that OpenDSS takes care of AP and/or AQ values itself, the user
can define them as —1 or just not define any value for them.

Since the watt-pf and watt-var functions do not have problems with instability in the conver-
gence process, the AP and/or AQ are set equal to 1.

e Updates the powers of the PVSystem element

The six steps described in subsubsection 1.2.1 are performed again, however, in Step 3 the
active power limit value, Pp;m:[t];, is considered, and, in Step 4, the value of the desired

reactive power, @, is the value of @ pesired[t];-

Then, the control iteration j + 1 starts in the first step of the control loop, which is the power
flow.
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