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1 Introduction 
Practically all of the renewable energy sources, and most forms of energy storage, produce either 

dc or variable frequency output power. In many ways this is unfortunate because all power from 

these sources must pass through a frequency converter in order to feed the constant-frequency ac 

power grid. This extra stage of power conversion introduces additional equipment cost and 

power losses. On the plus side, however, this need for frequency conversion has resulted in a 

rapidly-growing class of electronically coupled generators (ECGs) connected to the grid, with 

control capabilities that are broadly superior to those of conventional rotating synchronous 

machine generators. Understandably, electric utilities have viewed the advent of these ECGs 

with a certain amount of fear, both because of their unfamiliar operating characteristics and 

because of their location in distribution systems where there traditionally has been minimal 

power generation. The level of concern has increased with the rapidly increasing size of 

proposed projects relative to the feeder rating and/or the minimum load levels. It is of course 

perfectly feasible to generate power in new or existing distribution circuits, and even to export 

power back into the transmission system, but in so doing we challenge some of the traditional 
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assumptions that have been made in the design of protection and voltage regulation schemes for 

these circuits. This is especially true in the case of higher penetration levels for PV generation. 

2 Utility Concerns about the Impact of High-Penetration PV 
on MV Feeders  

As a leading supplier of inverters for large PV generating projects, Satcon has participated in 

industry forums and IEEE working groups for standards development, where electric utilities are 

also strongly represented. Satcon also provides support for project developers, in the United 

States and abroad, as they negotiate with utilities over interconnection impact assessments, 

connection rules, and similar issues that arise in regard to their requested grid connections. 

Because Satcon must comply with interconnection rules in the many countries where their 

inverters are installed, they also follow emerging regulations very closely and are aware of the 

world-wide trends in this area. Finally, they are called in to help solve real problems that occur in 

the field. As a result Satcon has a good overview of the main concerns of electric utilities in 

relation to the installation of large PV generating projects in distribution systems. These concerns 

can be roughly grouped into three categories as follows: 

 What will be the effect of fluctuating real power output from renewable sources on the 

normal operation and power quality of the distribution system? 

o Increased switching operations for line regulators, tap changers, switched-

capacitors. 

o Steady-state voltage regulation over the range of real power generation, especially 

on long feeders. Should PV generators be allowed/required to participate in 

voltage regulation automatically, or on the basis of reactive power dispatch or 

scheduling? If autonomous local automatic voltage control is allowed, can stable 

operation be expected when multiple PV generators are involved on the same 

feeder? Will fast automatic voltage controllers "fight" with slower line regulators?  

o Flicker due to rapidly fluctuating voltage caused by sudden changes in real power 

generation. 

o Transient voltage changes on sudden trip of PV generation system, especially if 

the system is actively participating in voltage regulation. 

o Harmonics generated by the PV inverters, and possible resonant interactions of 

inverters with the distribution system. 

o Conductor and equipment loading due to new power flows resulting from the 

introduction of local power generation in the distribution system. 

 How should the protection relay schemes be changed/designed for existing/new distribution 

feeders when large new generators are connected?  

o Reversible real and reactive power flows possible. 

o Protective relay settings and operation. 

o Contribution of new generators to short circuit levels. 
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o Islanding of generators with residual load connected. 

o Auto-reclosing feeder breaker onto energized generators. 

o Appropriate grounding schemes for new generators to allow ground fault 

detection and prevent transient over-voltages. 

 Additional concerns about providing real power management for frequency regulation in 

smaller grids (e.g. islands) with limited aggregate generator rotational inertia. 

o Rapid curtailment of real power sources on over-frequency. 

o Rapid load-shedding and/or "spinning reserve" deployment on under-frequency. 

o Ramping of real power from variable sources to minimize impact on the grid 

frequency. 

o Transient frequency excursion on sudden trip of generating system. 

Many of these concerns can be addressed through a proper understanding of the capabilities and 

operating characteristics of the modern inverters that are used to couple PV systems to the grid. 

There is little doubt that the introduction of large-scale ECG into distribution systems will 

eventually force utilities to depart from some of the traditional practices that have been 

established over a century. This is bound to be a difficult process, and possibly risky at the 

outset, but should ultimately result in a better power system. Most of the issues listed as concerns 

do not in fact present fundamental obstacles to the implementation of high penetration levels of 

PV generation, and in many cases the presence of inverter-based PV generation can facilitate 

solutions rather than complicate the problems. This is especially true in regard to the area of 

system protection, because inverters are inherently fast acting and current-limited.  

First we describe the basic output characteristics of inverters and the control capabilities that are 

relevant to their grid interconnection in a high-penetration scenario. This should serve to provide 

a basis for further consideration of system protection and circuit requirements from the utility 

perspective. Next we provide details of how the PV inverters can participate actively in the 

regulation of voltage in the distribution system. Because inverters bring to the table their unique 

ability to generate or absorb controlled reactive power, and there is little consensus on how this 

capability should be used in a distribution system, this is by far the most important topic that 

needs to be addressed. 

3 Capabilities of Inverters 
Inverters are electronic power converters that can be used to couple dc or variable-frequency 

power sources to the grid. Practically all renewable power generation systems depend on 

inverters for their grid connection. In these applications, the primary function of the inverter is 

simply to deliver the maximum possible generated real power (P) as efficiently as possible to the 

grid. The first generation of inverters for PV power was typically designed with only the basic 

controls necessary to perform this primary function, while complying with UL 1741 and IEEE 

1547 requirements. For low power levels (less than 500 kW) and low levels of PV power 

penetration, certification of the equipment to these standards was sufficient for utilities to allow 

interconnection to the grid without much concern. 
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In addition to frequency conversion and basic real power delivery, inverters also have a number 

of other inherent control capabilities that are widely used elsewhere in power systems for power 

management and power quality improvement. As the penetration levels increase for PV 

generation, and as more sophisticated rules for interconnection emerge, it has become clear that 

harnessing these inverter control capabilities will be key to the successful implementation of 

large-scale PV generation in distribution systems. Consequently, a wide range of control 

functions have already been incorporated into newer PV inverter designs that will allow them to 

play an important role in the operation of the distribution system. In this section we will briefly 

describe the most relevant inverter capabilities and the ways in which they can facilitate the 

successful implementation of high penetration levels of PV generation. 

3.1 Controlled Output Current 

When connected to an established power grid (i.e. where the frequency and voltage are actively 

regulated), inverters typically operate as controlled current sources. This means that the high 

frequency switching of the inverter is controlled so that the output current from the inverter is 

actively forced to follow a reference signal. The design of the feedback control system that 

accomplishes this may differ from one manufacturer to another, but with an optimum design the 

output current control can be extremely fast (< 1 ms response) and accurate (< 1%). Furthermore, 

the control response can be practically unaffected by disturbances in the grid voltage. 

The controlled output current of an inverter has several important implications: 

 As seen from the grid, the "impedance" of the inverter is very high. As a result, the inverter 

output current continues to follow the internal reference signal, even when power system 

faults cause large changes in voltage. This is generally true for positive and negative 

sequence components. Most inverters provide a three-wire native output from their power 

electronics to an ungrounded winding on an isolation transformer, so they do not influence 

the zero sequence component of output current. Thus the apparent zero sequence impedance 

seen from the grid is a combination of the zero sequence impedance of the isolation 

transformer plus the effect of any neutral grounding impedance. With alternative inverter 

topologies, it is possible for the inverter to also control the zero sequence component, but the 

extra equipment expense is rarely justified. The high output impedance of an inverter is quite 

different from the case of a rotating synchronous machine generator, which can contribute 

relatively large transient output currents under fault conditions. It is important to note that 

although an inverter acts as a current source with high output impedance, it also has a limited 

maximum output voltage available. In other words, it will not present "infinite" voltage at its 

terminals if an upstream feeder breaker is suddenly opened while the inverter is running. The 

maximum output voltage is in fact determined by a combination of the inverter dc terminal 

voltage and the action of the control system. 

 The output current is limited. The internally generated current reference signal takes account 

of prevailing voltage variations to maintain a required power output, but it is always subject 

to an over-riding current limit that corresponds to the level of current needed to output rated 

kVA at the minimum specified working voltage, usually 0.9 per-unit (pu). This means that 

with a properly designed control system, the output current from an inverter during a grid 
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fault should not exceed 1.1 pu approximately. In most cases, a 1.1 pu fault contribution from 

distributed generators should be negligible in relation to the conventional fault contribution 

fed from the transmission system. Add to this the consideration that the inverter output 

currents are largely in phase with the system voltage, whereas the conventional fault currents 

are largely in quadrature, and it is safe to say that inverters contribute a negligible amount to 

the total fault level on a distribution feeder.  

 The output current can be reduced to zero in an extremely short time. If necessary, the native 

output current from the inverter bridge can be stopped in a few microseconds (followed by 

some short-lived [< 1 cycle] decaying transients between the output filter and the grid). This 

can be very important for the protection and management of the distribution system. If the 

utility is concerned about circuit breaker capacity, provision can be made for the output 

current from an inverter-based generator to be stopped well before any mechanical 

switchgear starts to operate. In this situation, the inverter controls can autonomously initiate 

rapid shutdown when abnormal grid conditions are sensed, or the controls can respond to a 

signal from the utility (e.g. transfer trip) 

 The complex (apparent) output power (S = P + jQ) can be controlled in any of the four 

power quadrants. Because the magnitude and the phase angle of the fundamental output 

current relative to the grid voltage can be arbitrarily selected, the real (P) and reactive (Q) 

components of S can be directly and independently controlled. The P output is typically 

controlled so as to regulate another internal quantity such as the dc voltage or power at the 

PV array. The active control of P also allows important over-riding real-power-limiting 

functions, such as power curtailment and power ramping, to be implemented in response to 

inputs received from a remotely located system operator (e.g. via SCADA). These real power 

management functions are expected to become essential tools for utilities under a high-

penetration scenario, especially in smaller grids (e.g. islands) where the power system may 

not always be able to accept additional real power and where frequency regulation is a 

concern. Apart from the management of real power output, the inverter has unique 

capabilities to generate and strategically deploy reactive power (Q) output. This topic is 

especially important and warrants a separate in-depth discussion in the following sections. 

The Q output that can be generated by inverters at a PV system is a valuable resource for 

utilities and is expected to be crucial for regulating the voltage in a distribution system with 

high penetration of PV. 

 The complex output power can be controlled with very high bandwidth. In most cases it is not 

desirable to change real power output very rapidly because of the impact on system voltage 

(and frequency in weaker systems). Consequently, real power changes are usually made to 

follow slow time ramps whenever possible. The same consideration may often be true for 

reactive power. However, by means of the high bandwidth control of Q, the inverter can also 

act as a fast autonomous local voltage control system. Fast automatic response is essential for 

correction of the voltage deviations associated with voltage flicker, for example. This will be 

discussed in more detail in the following sections. 

 The inverter can absorb real power from the grid and deliver it to charge an energy storage 

device connected to the dc-side collector bus (also fed by a PV array). This can facilitate the 

implementation of an energy management system where the inverter supplies real power to 
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the grid from storage at times when PV power is not available. To achieve different 

objectives, the energy storage device might be relatively small (to facilitate power ramping) 

or very large (e.g. for frequency regulation or power output leveling). 

 The inverter output current can be controlled to correct pre-existing low-order voltage (or 

current) harmonics on the grid. In order to do this, the inverter must deliberately produce 

corresponding harmonics in the output current. This rather specialized "active filter" function 

is sometimes performed by dedicated inverters installed specifically for this purpose. To 

facilitate the production of controlled harmonic output currents, an inverter would ideally 

switch at the highest practical frequency, and it would be designed with a small output filter 

inductor in order to minimize the inverter voltage needed to drive the harmonic currents. In 

addition, because the oscillating harmonic power produced at the ac terminals must be 

matched by an approximately equal harmonic power at the dc terminals, it is desirable to 

provide a larger-than-normal dc bus capacitance in order to minimize the corresponding 

harmonic voltage that develops on the dc bus. It would be relatively costly to produce a PV 

inverter designed to simultaneously deliver real power while also serving as an active filter. 

However, active-filter capability might be useful when normal PV power production is very 

low or zero, such as during the night. 

 The inverter can help to correct for unbalanced fundamental voltage at the point of 

connection to the grid by controlling output current to include a negative sequence 

fundamental component. In this mode the inverter essentially acts as an active filter for the 

minus-one (-1) order harmonic. The negative sequence fundamental output current produces 

a second harmonic power pulsation at the ac terminals, matched by a similar power pulsation 

at the dc terminals. As in the case of the active filter, a large dc capacitance is needed to 

absorb this pulsating power with acceptably small dc voltage deviation. As mentioned 

previously, most inverters can only correct for the negative sequence fundamental. However, 

using a more costly alternative inverter topology (e.g. a four-leg inverter bridge), a similar 

correction could be provided for the zero-sequence components in an unbalanced system. 

3.2 Grid-Smart Control Features 

Under the DOE SEGIS program Satcon set out to develop an inverter design for the future grid 

that would have all of the capabilities needed to facilitate the integration of large-scale PV 

generation into distribution systems. To do this, it was necessary to define a new set of "Grid-

Smart" control features for the inverter, which would make full use of the inherent capabilities 

listed in the previous section. The main inverter features that were selected are as follows: 

 Local communication with site-level controller,* providing utility SCADA communications 

and multi-unit control through: 

o Control of real power limit (curtailment) 

o Controlled ramp rate for real power limit 

o Control of reactive power output OR power factor. 

* NOTE: The site-level controller is a shared local computer that complements the features 

of each inverter in a multi-inverter installation by providing aggregate output power 
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management at the point of interconnection with the utility. The site controller is a 

communications hub that communicates with all inverters and the utility control center, and 

receives and processes real-time V, I measurements from POI. By issuing commands to the 

inverters it can provide: 

 Aggregate power factor control – accounting for site transformers 

o Automatic voltage control if required 

o Long duration real power ramping by means of curtailment commands to 

inverters 

 Ride-through* capability for specified grid disturbances, requiring:  

 Adjustable tolerance for voltage and frequency deviation 

 Enhanced dynamic control to continue operating successfully with 

unbalanced or distorted grid voltages during faults 

 An un-interruptible power source for control and communications. 

* NOTE: "Ride-through" means that the generator must stay online and operate as specified 

during voltage disturbances caused by faults on the transmission system or an adjacent 

feeder. The ride-through requirement originated from experience in wind power generation, 

mainly at transmission level voltages, and has now become the most common new 

requirement for interconnection with medium voltage distribution systems. It is a 

contradiction of IEEE 1547, which requires generators to cease operating within specified 

maximum time periods when the grid voltage deviates from normal. New ride-through 

requirements differ considerably in regard to voltage levels and duration. In general they are 

intended to ensure that generators will be online and ready to carry their share of system load 

after the disturbance. In some cases the generator is required to generate reactive power 

according to a special schedule when voltage deviates beyond set limits. It is assumed that 

generators will use anti-islanding and other fault sensing methods to distinguish between a 

voltage disturbance that requires ride-through and the occurrence of a fault within the feeder 

or the opening of the feeder breaker that requires operation to cease. 

 Bi-directional power flow to support charging of a dc energy store using grid power. 

 Permissive signal* based on Power Line Carrier Communication (PLCC) – an alternative to 

conventional transfer trip schemes. 

* NOTE: While it is generally understood that transfer trip schemes are needed for 

synchronous machine generators that cannot easily detect an island condition, there is 

considerable dispute over the need for these expensive schemes in the case of PV inverters 

that are usually certified to be compliant with the anti-islanding requirements of IEEE 1547. 

Often a utility will question the effectiveness of anti-islanding when there are multiple PV 

units connected on one feeder. Because there is, as yet, no definitive way to prove this point 

one way or another, the utility will usually choose to err on the safe side and insist on the 

provision of a transfer trip scheme. The PLCC carrier permissive signal provides an 
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alternative approach, whereby all generators on a grid segment can rapidly and reliably detect 

when islanding has occurred and cease operating. 

The SEGIS program work led to the development of Satcon's Solstice Inverter products that 

incorporate the Grid-Smart control features. These features provide a flexible basic control 

interface for the inverters, allowing higher-level power-management strategies to be 

implemented either from a remote control center or on site by means of a site-level control 

system. 

Some of the Grid-Smart control features are illustrated in Figure 1 using waveforms generated 

from a transient simulation model. In this case the output currents to the grid are displayed 

together with the calculated associated instantaneous real and reactive power output. Real power 

curtailment, sudden change of irradiance at the PV array, and leading and lagging reactive power 

generation are all shown. For this illustration, fast internal ramp rates were set to speed up the 

transition between each operating state of interest. Note that there is no downward ramp of 

output power when the solar irradiance is suddenly dropped. The fall of power cannot be 

controlled in this situation without the addition of a suitable energy storage device. 

 

 

Figure 1. Illustration of some advanced grid support control features using a transient simulation 
model of a Grid-Smart inverter. 
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3.3 Reactive Power Generation 

The name "reactive power" is really a misnomer, because the quantity it describes is actually the 

redundant current that flows at a given point in a power circuit in relation to the electrical power 

(watts) measured at that point. The notion of reactive power often causes confusion because it is 

an artifice created for circuit analysis, with no basis in physics. The concept of reactive power is 

also not uniformly applicable to three-phase and single-phase circuits. 

In a three-phase circuit carrying positive and negative sequence currents only (i.e. where the sum 

of the three currents is zero), the instantaneous reactive current is defined at any given point in 

the circuit. It describes the part of the instantaneous three-phase current set that is redundant at 

that point (i.e. the part that could be discarded without changing the instantaneous electrical 

power calculated at that point). This redundant set of currents is uniquely defined using space 

vector theory. Specifically, it is the component of the current vector that is in space quadrature 

with the voltage vector. For convenience in circuit analysis, the instantaneous reactive current is 

multiplied by the voltage in order to define a quantity (VAr) with the same dimensions as power. 

Also a polarity is assigned to the product, depending on whether the current vector leads or lags 

the voltage vector spatially. This quantity is treated as the imaginary part of an instantaneous 

complex power quantity (S) for computation purposes. There is no universal rule for the polarity 

of reactive power, but if current is defined as positive in a certain direction, and the associated 

current vector lags the voltage vector, then reactive power is usually said to be flowing in that 

direction (i.e. positive). Because the reactive power in three-phase circuits is defined on an 

instantaneous basis, irrespective of the voltage and current waveforms, it can also be controlled 

on an instantaneous basis (i.e. in a time-frame that can be much shorter than one fundamental 

cycle). This means that instantaneous reactive power in three-phase circuits can be used to 

influence voltages in the circuit very rapidly, which can provide an important way for improving 

power quality. 

Instantaneous reactive power is not defined for single-phase circuits. Instead, for single-phase 

circuits, the concept of reactive power is applied to steady state behavior with purely sinusoidal 

voltage and current, represented by sine-wave phasors. The reactive current phasor at a point in 

the circuit is defined as the component of the current phasor that is in quadrature with the voltage 

phasor at that point. This redundant component of current could be discarded without changing 

the average electrical power calculated at that point. Reactive current is once again multiplied by 

voltage to obtain reactive power. Of course, this steady-state phasor interpretation of reactive 

power can also be applied to three-phase circuits in the steady state, where it is entirely 

consistent with the instantaneous reactive power concept under steady state sinusoidal 

conditions. Phasor analysis also provides the only way of applying the reactive power concept to 

zero sequence currents flowing in three-phase circuits. 

Reactive current occurs naturally in power circuits due to the presence of reactive circuit 

elements (inductance and capacitance) and various electrical loads (motors, etc.) that draw 

current at non-unity power factor. The reactive current passes through the circuit causing voltage 

drops and power losses and without contributing directly to the useful transfer of electrical 

energy. Reactive power is conserved (like electrical power) as it passes through an ideal 

transformer, but in a non-ideal transformer substantial reactive power may be absorbed by the 
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leakage inductance. Passive reactive components (capacitors and reactors) are often strategically 

switched into or out of a power circuit to compensate for the natural reactive current flow. In the 

case of so-called "static VAr generators," electronic switches are used to regulate the reactive 

current drawn by these components.   

Like electrical power, reactive power can be injected into a power circuit from a suitable 

generator. An ideal reactive power generator requires no electrical or mechanical power input, 

and no bulk reactive circuit elements, but instead uses a controlled source of voltage to drive the 

required reactive current output. The rotating synchronous machine is the traditional reactive 

power generator. The reactive power output from a synchronous generator is controlled by 

changing the field excitation, allowing reactive power generation up to rated kVA, as well as a 

more limited range of reactive power absorption. The ability to inject controlled reactive power 

into a power circuit is important because it provides a very effective means of regulating the 

voltage. 

3.3.1 Inverter Reactive Power Generation Capability 

Three-phase inverters are the ultimate reactive power generators, capable of generating or 

absorbing high quality reactive current that is controlled on an instantaneous basis. Modern 

inverters are unique in the world of VAr generators because they are able to change their reactive 

power output extremely rapidly. Response times of the order of 1 ms to full output are 

achievable (Figure 2), which is very fast compared to other devices such as rotating synchronous 

condensers and other switched devices using capacitors and inductors as the sources and sinks of 

reactive power. This fast response has allowed inverter-based VAr generators to be successfully 

applied for arc furnace flicker compensation and active power filtering, for example, where they 

operate in a sub-cycle control time frame. 
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Figure 2. PV inverter simulation shows fast VAr step response capability and the effect on local 
bus voltage. 
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point of interconnection. The typical schedule would not require any reactive power output from 

the inverter until the voltage deviates outside of normal working limits. Supposedly, this 

approach circumvents the thorny issue of allowing a generator to perform automatic voltage 

control and avoids the anticipated problem of fast voltage controllers fighting with each other 

and with slower mechanically-switched line regulators. It is worth noting that automatic local 

voltage control is routine in transmission systems, where reactive power generators are always 

required to autonomously regulate the voltage at the bus where they are connected. Furthermore, 

there are many instances where fast-acting VAr generators are either connected to the same bus, 

or within a short distance of each other, and work together in a stable way thanks to the 

appropriate control system designs. There is no fundamental reason why PV inverters should not 

be used to continuously and autonomously regulate voltage in a similar way in distribution 

systems. This topic will be discussed in much more detail in Section 3.5. 

3.3.2 Inverter Output Power Control 

With regard to the PV inverter control system, the first consideration is how to make sure that the 

maximum inverter kVA is not exceeded while simultaneously supplying real and reactive power 

to the grid. Other manufacturers may use different design approaches, but Satcon provides a 

choice of two basic control modes, which make it possible to implement a variety of reactive 

power strategies.  

The first control mode provides independent reactive power control. In this very flexible control 

mode, the maximum available reactive power at any time is calculated as a function of the 

prevailing real power curtailment level. Reactive power output follows a command (local or 

remote) up to the maximum available level. In a large utility-scale application, for example, the 

real power curtailment level is allowed to slowly track the prevailing real power output up to a 

pre-determined maximum, while the reactive power command is generated by a site-level 

controller following a specified algorithm in response to MV measurements at the point of 

interconnection. Figure 3 shows the available reactive power from the inverter versus the real 

power curtailment level. Note that available reactive power has been limited to 0.87 pu so that at 

least 0.50 pu real power is always achievable. This constraint is by design and does not represent 

an absolute limit. 
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Figure 3. Independent reactive power control mode. 

 

The second control mode provided for the inverter is a power factor mode. In this mode the 

reactive power output automatically tracks the real power output, maintaining the Q:P ratio that 

is consistent with the prevailing power factor command but always staying within the kVA 

rating, and observing the prevailing curtailment level for real power output. Figure 4 shows the 

maximum available real power as a function of power factor (assuming 1.0 pu real power 

curtailment) and the associated reactive power levels. This control mode can be used to set a 

constant power factor prescribed by the utility, or it can be used to follow a variable power factor 

command generated by the site controller or received from a remote operator at the utility control 

center. 
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Figure 4. Power factor control mode. 

 

The need for the site-level controller has emerged with the advent of larger PV projects that use 

multiple inverters to achieve the aggregate output power from the site. Multiple inverters are 

preferable to a single large inverter because of the physical layout of these projects over a large 

area and the logistics associated with providing the site-wide power collection circuits. The grid 

interconnection rules for these sites usually specify the required behavior at the point of 

interconnection (POI) with the utility MV feeder. Measurements at the POI are not usually 

available (or needed) in the individual inverter control systems, so the site controller provides a 

common local center of intelligence where higher-level power management algorithms can be 

executed. The site controller also serves as a communications hub for the site, exchanging 

commands and status information with the utility via SCADA and with the individual inverters 

via local serial communications. Figure 5 illustrates the role of the site controller. 
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Figure 5. Site controller generates real and reactive power management commands for multiple 
inverters in utility-scale PV projects. 

 

3.4 Effect of Inverter Output Power on Distribution Feeder Voltage 

Voltage regulation on typical distribution feeders is achieved by switching taps on various kinds 

of transformers and also by means of reactive power injection from fixed or switched capacitor 

banks. In addition to the switching action associated with voltage regulation, the electrical loads 

connected to a typical feeder are constantly changing. A distribution system can thus be a rather 

complicated and very variable power circuit. However, it is instructive to consider a greatly 

simplified constant representation of a distribution feeder to illustrate the effect that might be 

expected from the connection of a PV generating system. 

Viewed from the bus at the POI between the feeder and the PV system, the 60 Hz impedance of 

the feeder is essentially Z = (R + jX) where X is mostly positive (i.e. inductive). Real power 

flowing away from the bus causes an increment in the local voltage magnitude mainly due to the 

drop across R. When reactive power is flowing away from the bus (i.e. when the current flowing 

away from the bus lags the voltage) it causes a local voltage magnitude increment due to the 

drop across X. The reactance, X, usually dominates over R in transmission and distribution 

circuits, especially in transformers. Reactive power injection (or absorption) at the PV bus 

therefore provides an effective means of increasing (or lowering) the voltage at the point of 

connection. 

Medium voltage distribution feeders vary widely in terms of length of line from the transmission 

substation, voltage, type and physical disposition of conductors, grounding schemes, etc. 

Accordingly the expected problems from the addition of high penetration levels of PV also 

depend on the particular feeder that is being considered. In this section we will focus on the ways 

in which high-penetration PV can affect feeder voltage under different conditions and discuss the 

positive role that PV inverters can play in terms of steady state and dynamic voltage regulation. 
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Figure 6 shows the simplified representation of a PV system connected to a distribution feeder 

with 60 Hz impedance Z = (R + jX) pu. Obviously this model is highly simplistic, but it does 

capture the essence of the system captured at one point in time. The voltage at the utility 

substation is assumed to be constant with amplitude 1 pu, and the PV system output is S = (P + 

jQ) pu. All per-unit values are based on the PV system rating. Using this model, and assuming 

the PV system to be operating at unity power factor (Q = 0), the bus voltage at the system was 

calculated for the full range of real power output. The calculation was repeated for four different 

values of R, in each case assuming an X/R ratio of 4. The results, plotted in Figure 7, provide a 

quick overview of the different ways in which the bus voltage can be affected, depending on the 

feeder impedance. In each case, all of the reactive power absorbed by the feeder inductance is 

supplied from the substation. For the shorter line, with lower impedance, the resistance, R, 

dominates and the voltage rises approximately linearly with respect to output power. As the line 

length is increased (or the impedance is otherwise increased), the feeder inductance begins to 

dominate, causing the bus voltage to fall for generated power above a certain level. For a very 

long line the voltage at the PV bus can fall below the substation voltage, rapidly collapsing to the 

point where the inverter reaches its current limit. For a given X/R ratio in this scenario, the 

maximum bus voltage is the same, regardless of the total feeder impedance, but it occurs at 

different output power levels. The maximum bus voltage is higher for lower values of X/R, and it 

occurs at higher output power levels. 

 

 

Figure 6. Simplified representation of a distribution feeder with PV generator connected. 
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Figure 7. PV bus voltage versus real power generated. Inverter operates at power factor = 1. 

 

A further set of calculations was performed for the same feeder impedances and the same range 

of real power output from the PV system, but now assuming that the PV bus is automatically 

regulated at 1 pu by means of reactive power output generated by the system. The results are 

plotted in Figure 8a. The output power factors corresponding to the operating points shown in 

Figure 8a are plotted in Figure 8b. Figure 8a shows that in every case considered a relatively 

small amount of reactive power generated or absorbed at the PV system (~ 0.2 pu or less) can 

completely compensate for any voltage variation at the PV bus that would otherwise be caused 

by the generated real power output. The required level of reactive power will be different for 

different feeder impedances and X/R ratios and will also depend on the reactive loads connected, 

but the same basic principle is valid in most practical cases. In this example, it was necessary for 

the PV system to absorb Q at most operating points in order to regulate the voltage to 1 pu. A 

further observation, from Figure 8b, is that a wide range of power factors would be needed to 

hold the voltage constant over the range of real power output. A constant power factor, selected 

for one operating point (say full output), would result in voltage deviations at other output power 

levels. 
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Figure 8a. PV reactive power output versus real power generated. PV inverter holds the bus 
voltage at 1 pu. 

 

 

Figure 8b.  PV inverter output power factors corresponding to Figure 8a. 

 

These results illustrate the general effect that an inverter-based PV system may be expected to 

have on different types of distribution feeders. The necessary reactive power output from the PV 

system can be determined in a variety of different ways, requiring a variety of different response 

times ranging from very slow to very fast. As mentioned before, there is still no consensus as to 

the proper way to use reactive power generation. However, what is certain is that local injection 

of reactive power on a distribution feeder can be used for voltage regulation and can correct 
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voltage deviations caused by generated real power, as well as correcting for "pre-existing" 

conditions on the feeder. One of the main benefits of regulating feeder voltage by local reactive 

power generation is that the local VAr source can supply the reactive power requirements of 

nearby loads, thus reducing the overall current loading at the substation and reducing the power 

losses on the feeder. 

3.5 Simplified Distribution Feeder with Large PV System Connected 

To illustrate some of the capabilities and potential benefits of an inverter-based PV system for 

voltage control, a simplified benchmark distribution feeder is defined in the one-line diagram in 

Figure 9. The layout of the feeder and the total loading is loosely based on a proposed project in 

Massachusetts, recently submitted to National Grid for approval. The simplified representation 

of the system does not include any conventional voltage regulating equipment, and the 69 kV 

sub-transmission bus has been assumed to be infinite. The bus designations and the load 

distribution are hypothetical, but the line impedances are consistent with tables. Essentially 

Figure 9 is a long 13.8 kV feeder with a 5 MVA PV system at the end. Load flow and detailed 

transient simulation studies have been used to illustrate the capability of the PV inverters to 

actively regulate the voltage at the point of connection. 

 

Figure 9. Simplified benchmark system with a 5 MVA PV system connected to a 13.8 kV feeder. 
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3.5.1 Steady State Analysis with Voltage Control at the PV System  

Two simple scenarios are considered. In the first, the PV system is producing 4 MW with Q = 0 

(i.e. pf  = 1). The blue bars in Figure 10 show the feeder voltage profile for this case, and Figure 

11a shows the corresponding values of P, Q generation, minus load, for each bus. Note the heavy 

reactive loading (2.949 MVAr) through the substation transformer at the transmission bus (No. 

1) and the voltage sag on the line (well outside acceptable MV limits, but remember no taps, 

regulators, or capacitors are in use). 

In the second scenario, the PV system is automatically generating VArs to keep the voltage at 

Bus No. 9 at 1 pu. The red bars in Figure 10 show the improved voltage profile. Figure 11b 

shows the corresponding P, Q profile. The PV system Q output is now 1.234 MVAr, while the 

substation reactive load has dropped to 1.595 MVAr. Feeder losses have also dropped by 38 kW. 

 

Figure 10. Feeder voltage profile with and without voltage control at the PV site. PV system 
output, P = 4 MW. No conventional compensation (regulators, capacitors, etc.). 
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Figure 11a. Feeder bus P, Q (gen - load) with no reactive power generation at the PV site 
(corresponding to the blue bars in Figure 10). 

 

 

Figure 11b. Feeder bus P, Q (gen - load) with reactive power generation at the PV site used to 
maintain Bus No. 9 voltage at 1 pu (corresponding to the red bars in Figure 10). 

 

The load flow analysis has also been used to produce a quasi-dynamic illustration of the effect on 

the feeder voltage profile as the real power production from the PV site changes. The same two 

scenarios are considered for the PV system, i.e. 1) Q = 0 and 2) automatic voltage control at the 

PV site. Figure 12a plots the bus voltages as the P output from the PV system is dropped from 4 

MW to zero and back again, while Q = 0. Figure 12b shows the second case, which is similar but 

now with Q output generated by the PV system to keep the Bus No. 9 voltage at 1 pu. Note that 

these illustrations are simply a succession of load flow solutions showing the steady state locus 

for different P, Q output from the PV system, and not a true time-domain transient simulation. 
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Figure 12a. Feeder voltage profile plotted as PV system real power drops from 4 MW to zero and 
back. Q output = 0. In this case the voltage at the PV system is not controlled. 
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Figure 12b. Same P output as for Figure 12a, but here the PV system generates Q to keep the local 
(Bus 9) voltage at 1 pu. 

3.5.2 Demonstration of Fast Automatic Voltage Control 

The simplified benchmark feeder system shown in Figure 9 has been translated into a detailed 

transient simulation model of the three-phase system including the differential equations for all 

circuit elements. In particular, the PV system is modeled in great detail, including every aspect of 

the digital control system for the inverter. For this type of study, the involvement of the inverter 

manufacturer is essential because proprietary design details are usually needed. The physics 

equations governing the behavior of the PV array are also represented in detail, allowing basic 

input quantities such as solar irradiance to be varied as a function of time. The top-level model 

diagram is shown in Figure 13a, with more detail on the main elements of the PV unit subsystem 

shown in Figure 13b. Note that the loads are modeled differently in Figure 13a (constant 

impedance loads specified at base voltage and frequency) and Figure 9 (constant P, Q loads). 

Constant P, Q loads are difficult to implement in transient simulation. Note also that the 5 MW 

aggregate output of the site typically originates from, for example, 10 separate 500 kW inverter 

units with multiple coupling transformers, typically around 1 MVA each. To achieve a 

manageable transient model for grid interconnection studies, these multiple inverters and 

transformers are treated as a single lumped equivalent unit with 5 MVA rating. 

The objective for creating this transient system model is to illustrate the ability of a PV inverter 

to autonomously perform fast automatic local voltage control at the point of connection to a 

distribution feeder. As discussed earlier, it is possible for the inverter to achieve voltage control 

in a sub-cycle time frame because both reactive power and three-phase voltage are defined on an 

instantaneous basis. In order to demonstrate this capability, the inverter controls in the model 
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were modified to incorporate an automatic voltage control system. The controller commands 

rapid changes in reactive power in order to correct errors in the measured voltage feedback. Two 

cases were studied, one with the voltage controller disabled (and no reactive power generation) 

and one with the automatic voltage control enabled. In each case, the PV system is initially 

running under real power curtailment at 4 MW output (although the available solar power from 

the array is higher). At t = 0.2 the irradiance starts to drop from 1000 W/m
2
 at a rate of 10

4 

W/m
2
/s. At t  0.225 it crosses the threshold for supporting the curtailed power output, and site 

output power starts to fall. After 80 ms the irradiance reaches 200 W/m
2
 where it holds until  

t = 0.4, then rises again to 1000 W/m
2
 at the same rate it dropped. This is a rather extreme 

interpretation of a passing cloud, although these fall and rise rates for irradiance might possibly 

occur. 

Figure 14a shows the waveforms obtained for the case with voltage control disabled. As 

expected from the earlier steady state analysis, in this case we see a large voltage variation at 

each of the feeder buses due to the rapid transition of output power from the PV system. Figure 

14b shows the case with fast automatic voltage control enabled. In this case the voltage control 

greatly reduces the voltage variations that occur over the length of the feeder. 

In the earlier steady state load flow analysis, we assumed that the PV inverter would generate 

precisely the reactive power needed to maintain the voltage at 1 pu at Bus No. 9. What the 

transient case in Figure 14b serves to show is that a fast automatic voltage controller using a 

relatively small amount of locally generated reactive power can, in fact, hold the local bus 

voltage practically constant during short-lived transient disturbances. Note that the initial current 

output from the PV system in Figure 14b is roughly the same as in Figure 14a despite the higher 

Q output. This is due to the higher bus voltage in the Figure 14b case. It is reasonable to assume 

that this voltage control capability could also be used to reduce the voltage flicker that might 

otherwise be caused by such events. In the following section we investigate this hypothesis 

further, using the transient simulation model to show the improvement that could be achieved. 
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Figure 13a. Simulink transient model of the system in Figure 9. 

 

 

Figure 13b. PV unit subsystem in Figure 13a. 
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Figure 14a. No VAr output (pf = 1) at PV site during PV power dip. Bus No. 9 voltage is not 
controlled. 
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Figure 14b. PV system inverter actively controls the voltage at Bus No. 9 during PV power dip. 

  

3.5.3 Fast Voltage Control for Flicker Reduction 

The term "flicker" originates from the troublesome variation in light intensity, from incandescent 

lights in particular, as a result of even very small variations in voltage. Eye sensitivity, 

perception, and human tolerance play a large part in the assessment of flicker, which has made it 

difficult to define quantitatively in absolute engineering terms. Flicker sensitivity has been found 
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to peak for voltage variations around 9 Hz, so flicker problems have traditionally been associated 

with industrial processes such as large electric arc furnaces and welding systems that draw 

fluctuating power at or around these frequencies. However, the concept of flicker has now been 

extended to cover all kinds of voltage fluctuations through the use of short-term (10 minutes) 

assessment (Pst) and long-term (a few hours) assessment (Plt). The International Electrotechnical 

Commission (IEC) has developed standards for measuring voltage flicker. The IEC method for 

flicker measurement is defined in the IEC Std. 61000-4-15 (formerly the IEC 868). IEC Standard 

61000-3-7 also provides target limits for Pst (0.9) and Plt (0.7) as measured according to the 

standard. These standards have enabled consistent measurements to be made at existing 

locations, but it remains difficult to assess the possibility of excessive flicker at the planning 

stage because the result is critically dependent on the time-varying nature of the expected voltage 

variations. The issue is further complicated by the random nature of power fluctuations from a 

PV system, subject to passing cloud cover. 

We have postulated that the fast automatic voltage control demonstrated by the results of Figure 

14b can have a beneficial effect in reducing the flicker caused in a distribution system due to 

rapid fluctuation of output power from a PV generator. To test this hypothesis, we would like to 

use the detailed transient model of Figure 13 to generate the voltage waveform at one of the 

feeder buses in the benchmark system, and from this data calculate the level of flicker according 

to the IEC standard. By repeating the experiment with and without the fast voltage control 

enabled, we would obtain an absolute assessment of the improvement in the flicker level due to 

the voltage control. Unfortunately the transient model runs with a 1 s time-step and it would be 

impractical (though not impossible) to simulate the 10 minutes of real-time voltage data required 

for Pst assessment. In order to facilitate the proposed experiment, a slightly simplified process 

was developed. The approach that was used is to simulate one "cloud cover cycle" such as that 

simulated in Figure 14a and Figure 14b and then to assume that the event is repeated 

continuously for 10 minutes. In this way, 10 minutes of voltage waveform data can rapidly be 

generated. This approach introduces an unrealistic periodicity for the cloud cycle into the 

experiment, but the response to each event is accurately simulated, thus allowing us to capture 

the changes in the voltage transitions due to the voltage control system. These voltage transitions 

are thought to account in large part for the flicker produced. If the same periodicity for the cloud 

cycle is consistently used, this method at least allows a comparative assessment to be obtained 

for the two different operating conditions. 

An accurate, calibrated, discrete-time implementation of the IEC Flickermeter was then used to 

post-process the voltage measurement data and generate a value of Pst. Figure 15a shows a 

portion of the 10 minutes of data (4,000 Hz sampling) that was generated by repeating the Bus 

No. 7 A-phase voltage waveform for the event simulated in Figure 14a (i.e. with no VAr 

generation). This data was passed through the IEC Flickermeter and yielded a Pst measurement 

of 3.6492, which is well beyond the recommended limit of 0.9. Figure 15b shows the 

corresponding voltage data for the event in Figure 14b (i.e. with fast voltage control), which 

yielded a value of Pst = 0.3833, which is well inside the recommended limit. While these results 

may be open to interpretation, they do at least indicate the significant reduction of flicker that 

can be achieved by fast voltage control. 
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Figure 15a. Bus No. 7 A-phase voltage (scaled to show only the peak variation) – (Figure 14a event 
repeated over 10 minutes). Pst = 3.6492 (> 0.9 – unacceptable). 

 

 

Figure 15b. Bus No. 7 A-phase voltage (scaled to show only the peak variation) – (Figure 14b 
event repeated over 10 minutes). Pst = 0.3833 (< 0.9 – acceptable). 

 

4 Main Issues Delaying or Blocking the Connection of Large 
PV Projects 

With the introduction of favorable feed-in tariff (FIT) rates and tax credits for renewable power, 

and the rapid decline in the cost of PV modules, there has been an unprecedented rush to install 

large PV projects in many parts of the world. Consequently, utilities have been inundated with 

requests for interconnection to the grid. In many cases the utilities have been unprepared to deal 

with this, especially in the case of large-scale projects (5 to 10 MW and even higher) requesting 

interconnection at distribution system voltage levels. In the United States the prevailing IEEE 

1547 standard does not provide the answers needed to reassure utilities because these high-

penetration scenarios were simply not anticipated when the standard was drawn up. So in some 

cases project approvals are on hold simply because the utility is waiting for clear guidelines to 

emerge that will allow them to determine what additional measures (if any) are needed for the 

project to proceed safely. In other cases, especially in other countries and in Hawaii, utilities and 

various regulatory bodies have been hastily drawing up their own rules and regulations for 
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interconnection of DR. In many cases these new rules have had the effect of slowing the progress 

of PV projects as developers scramble to understand the requirements and their financial 

impacts. Examination of some of these rules is instructive because it highlights some of the 

utility concerns and shows some of the ways in which the advanced capabilities of inverters can 

be utilized to address them. 

Some of the main issues and requirements currently affecting the interconnection of new PV 

systems are as follows: 

 Short circuit capacity limitation. This applies in cases where the short circuit level has been 

assessed to be so close to the maximum capacity of existing circuit breakers that it would be 

unsafe to connect any additional local generation that would contribute in any way to 

increase the fault level. Surprisingly, this unlikely scenario apparently exists at many 

transformer stations in Ontario, Canada, where attractive feed-in tariffs (FIT) have been 

announced. As developers rush to take advantage of the FIT, interconnection of any new 

distributed generators through these transformer stations has been refused.  

 Power/distance limitation. This applies especially in the case of the very long feeders 

encountered in Canada. These may be 44 kV feeders but are still classed as distribution level. 

The concern in this case is the regulation of voltage over a range of real power output from a 

PV system located far from the transformer station. Typically the utility allows connection of 

DR that falls within their acceptable power/distance rules and specifies remedies for those 

that are not acceptable. Such remedies are often expensive and include re-conductoring the 

feeder line, re-locating the system, or providing a separate reactive power generator to 

regulate voltage at the system location. The goal for many developers, whose projects are 

threatened by this rule, is to convince the utility to allow the PV inverters to participate in 

reactive power generation instead of using a separate VAr generator. 

 Transfer trip for PV system. While it is generally understood that transfer trip schemes are 

needed for synchronous machine generators, there is considerable disagreement over the 

need for these expensive schemes in the case of PV inverters that are usually certified to be 

compliant with the anti-islanding requirements of IEEE 1547. Often the utility will require a 

transfer trip because they question the effectiveness of anti-islanding when there are multiple 

PV units connected on one feeder. The cost of providing a transfer trip scheme can sink the 

budget for a PV project. 

 Special custom requirements for reactive power deployment. As the capability of inverters to 

generate reactive power becomes more widely understood, utilities are beginning to specify 

reactive power generation as a condition for interconnection. In some cases this calls for a 

fixed or adjustable power factor. In other cases a schedule is prescribed for reactive power 

output versus voltage or for reactive power output versus real power output. In general, rules 

for distribution feeders have stopped short of allowing generators to perform continuous 

autonomous local voltage control (as is commonly done in transmission systems). 

 Customized ride-through requirements. Ride-through requirements differ considerably in 

regard to voltage levels and duration. In some cases the generator is required to generate 

reactive power according to a special schedule when voltage deviates beyond set limits. 
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 Voltage quality requirements at the PV station. This is an area where there is often 

disagreement about who is responsible for the grid voltage quality. It is impractical for a PV 

project developer to guarantee voltage quality at the point where the system is connected to 

the grid. Apart from any other consideration, the voltage quality depends on the impedance 

of the grid and the presence of other harmonic sources throughout the system. It could be 

possible to fail to meet a voltage quality criterion without ever turning on the PV system. 

Undeterred by these facts, utilities still try to insert voltage quality requirements into power 

producer agreements and regulations. 

 PV system (ac output) grounding method. In some cases utilities are insisting on the 

provision of a solidly-grounded primary neutral at the PV inverter isolation transformer. It is 

easy to demonstrate that this is bad practice, especially when the upstream transformer in the 

distribution system is also solidly grounded with low zero sequence impedance. However, it 

is difficult to persuade utilities to change their interpretations of their standard practice. 

 Transient over-voltage on islanding. When impact studies show an unacceptable rise in 

inverter terminal voltage following sudden interruption of the grid connection, the utility will 

sometimes insist on the provision of special surge arrestors. This is a problem that is easily 

addressed through inverter control capabilities and need not be the cause for large additional 

equipment expense. 

 General uncertainty about impact of a high-penetration PV project on an existing feeder. In 

these cases the utility may commission impact studies that will result in a number of special 

requirements being stipulated as the condition for approval. Sometimes the impact studies 

still leave room for doubts, and the approval may be further delayed. Main issues are usually 

the following: 

o Increased switching operations at line regulators, LTC, capacitor banks 

o Conductor and other equipment loading 

o Flicker 

o Protection relay settings with reverse power flow possible. 

5 Conclusions 
The advanced inverter capabilities we have discussed in this report could clearly facilitate high 

penetration levels of PV generation and also lead to potential savings for utilities by reducing 

line losses and drastically reducing regulator switching operations, thereby extending the life of 

equipment, reducing maintenance costs, and possibly deferring the cost of new capacitor banks 

and other equipment. In addition a new PV system on a feeder could improve the pre-existing 

power quality. 

On the other hand, owner/operators who install inverters to interface their power plant to the grid 

would prefer that the inverters only be used to deliver revenue-producing real power. Providing 

ancillary services to the utility incurs a cost, either in terms of lost power production or power 

losses or other operating costs. The preferred business model for this relationship is not yet clear. 

It raises issues about who pays for what, as well as some more basic questions such as liability 
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(who is responsible for maintaining system voltage) and how to measure lost production from 

variable sources for accounting purposes. These thorny issues have yet to be resolved before the 

benefits discussed here can be fully realized. 

The report has shown that the advanced inverters in renewable power plants on distribution 

feeders can use their fast VAr generating capability to automatically regulate the voltage at the 

point of connection, thereby correcting for voltage swings due to their own real power 

fluctuations, reducing flicker that would otherwise occur, and improving power quality 

compared with the pre-existing conditions. Changes to existing regulations are needed if these 

potential benefits are to be fully realized.  

The inverters that are used to connect PV power sources to the grid should be viewed as valuable 

resources for the management of the distribution system. Most of their unique control 

capabilities stem from the fact that inverters provide fast and flexible control of their output 

current (unparalleled by other power generators) and hence the real and reactive power injected 

into the grid. 

The most important remaining questions for the integration of inverters into distribution systems 

lie in the area of voltage control. As we have seen, there are no fundamental technical barriers 

that would prevent PV inverters from actively and automatically controlling the voltage at their 

point of connection. Instead, the barriers lie in the unwillingness to adapt the existing 

infrastructure of the distribution system where necessary and to modify traditional practices to 

allow this to happen. This change will not come about quickly but, as with all innovation in the 

electric utility industry, will only start to happen after successful demonstration projects in the 

field have shown that the proposed new practices are safe, reliable, and beneficial. 
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