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Chapter 8  
 

Inverters 

Definitions and Terminology ● Types and 
Applications ● Functions and Features ● Selection 

and Sizing ● Monitoring and Communications 

Presenter
Presentation Notes
Inverters are used in PV systems to produce AC power from a DC source, such as a PV array or batteries. Inverter sizes range from module-level inverters rated a few hundred watts to utility-scale inverters 1 MW and larger.Reference: Photovoltaic Systems, Chap. 8
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Overview 

 
 Defining the purpose for inverters in PV systems and other 

applications. 
 

 Identifying basic electrical properties, waveforms and their 
characteristics relative to inverter design and operation. 
 

 Explaining the basic types of inverter circuit designs and their 
components. 
 

 Understanding the differences in operating principles and 
specifications for stand-alone and interactive inverters. 
 

 Identifying key specifications and ratings for interactive inverters 
required for systems design and installation.  
 

Presenter
Presentation Notes
Reference: Photovoltaic Systems, p. 203
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Inverters 

 
 Inverters are used in PV systems to convert direct current (DC) 

power from batteries or PV arrays into alternating current (AC) 
power. 
 

 Other inverter applications include: 
 Fuel cells 
 Wind turbines and microturbines 
 Variable-frequency drives 
 Uninterruptible power supplies 
 Electronic ballasts and induction heaters 
 HVDC power transmission 

Presenter
Presentation Notes
Modern electronic inverters used in PV systems are microprocessor-based power conditioning units (PCUs) that convert DC power input from a battery or PV array into AC power output suitable for utilization loads or connection to other electrical systems. Inverters are also used to produce AC power from fuel cells and some wind turbines with DC generators. Large inverters and rectifiers are used for high-voltage DC power transmission across grid interties. Inverters are also an integral part of devices that produce variable or high-frequency output, such as electronic lighting ballasts, induction heaters and variable-frequency drives. Inverters are often used in conjunction with DC-DC converters and other power conditioning equipment components in high speed microturbine generators.Reference: Photovoltaic Systems, p. 210-211
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Inverters 

 
 Inverters are used in PV systems 

to convert direct current (DC) 
power from batteries or PV arrays 
into alternating current (AC) 
power. 
 

 The first inverters/converters 
used motor-generator sets, but 
were costly, heavy and inefficient. 
 

 Modern inverters use solid-state 
designs and microprocessor 
controls to produce high quality 
AC power very efficiently. 

SMA 

TEMco 

Rotary Converter 

Solid-State Inverter 

Presenter
Presentation Notes
Electromechanical inverters use a motor-generator set to covert AC power to DC power. Modern electronic inverters used in PV systems are microprocessor-based power conditioning units (PCUs) that convert DC power input from a battery or PV array into AC power output suitable for utilization loads. Inverters are also used for fuel cells, and some wind turbines with DC generators to produce AC power.Reference: Photovoltaic Systems, p. 210-211



 2012 Jim Dunlop Solar Inverters: 8 - 5 

Electrical Properties 

 
 Basic electrical properties and principles are fundamental to 

understanding how inverters are designed and operate, 
including: 
 
 Direct current and alternating current 
 Waveform types and parameters 
 Power and energy 
 Ohm’s law 
 Single-phase and three-phase power 
 Resistive and reactive loads 
 Real, apparent and reactive power 
 Power quality 

 
 
 

Presenter
Presentation Notes
The following segment introduces basic electrical properties essential to the understanding of inverter technology. Advanced courses may skip ahead to the section on inverter designs and specifications.
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Direct-Current (DC) 

 
 Direct current (DC) is a unidirectional flow of electrical charge 

that does not vary in polarity between positive and negative 
values over time.  
 

 Solar cells and batteries are examples of DC devices. 
 Most electronic circuits also operate on DC power.  

 
 DC circuits are defined by a positive and negative polarity, or 

poles. Electrons flow in one direction.  

Presenter
Presentation Notes
Direct-current (DC) is a unipolar electrical current.Reference: Photovoltaic Systems, p. 204-205
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Alternating Current (AC) 

 
 Alternating current (AC) is an oscillating flow of electrical charge 

that periodically changes direction over time.  
 

 In an AC circuit, the two poles alternate between negative and 
positive, continually reversing direction of the electron flow.  
 

 The changing polarity of AC over time is what distinguishes it 
from DC.  

Presenter
Presentation Notes
Alternating-current (AC) is a time-varying, bi-polar electrical current. Bi-polar means that the signal varies between positive and negative values each cycle. AC waveforms are defined by their frequency, amplitude and other characteristics. Reference: Photovoltaic Systems, p. 204-205
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Waveforms 

 
 A waveform is graphical representation of how electrical 

properties vary over time, for example with current and voltage.  
 

 Current and voltage for both DC and AC circuits can be 
mathematically described by their waveform.  
 

 A periodic waveform repeats itself at regular intervals.  
 

 A cycle is a complete waveform set that repeats itself over time.  

Presenter
Presentation Notes
A waveform is an electrical signal that varies over time. Inverters are characterized by their alternating-current (AC) output waveform. Reference: Photovoltaic Systems, p. 204-205
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DC Waveforms 

Time > 
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Full wave rectifier 

Half wave rectifier 
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Presenter
Presentation Notes
DC waveforms can be either steady (constant) as in the case of battery voltage and current, or time varying, like in a rectifier circuit. DC waveforms can be separated into a constant (DC) and time-varying component (AC). The DC component is the average value of the voltage (or current) over time, and the average value of the time-varying AC component is zero. Consequently, DC waveforms have no definable cycle, and their frequency is zero. Reference: Photovoltaic Systems, p. 204-205
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AC Waveforms 

Time > 

Sine Wave 

0 

Modified Square Wave 

Square Wave 

Presenter
Presentation Notes
Sine waves, square waves and modified square waves are examples of common AC waveforms. Listed interactive inverters produce utility-grade sine wave output. Some small, lower cost stand-alone inverters produce modified square wave or square wave output.Reference: Photovoltaic Systems, p. 204-205
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Sine Waves 

 
 A sine wave is a periodic waveform commonly associated with 

rotating generators and AC power systems. 

Time >> 
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φ 

Animation 

Presenter
Presentation Notes
A sine wave is a periodic AC waveform defined by the trigonometric sine function. A sine wave is produced by generators, where the rotation of a magnet within a coil produces a voltage output that varies in a sinusoidal manner. Modern inverters used in PV systems also produce a sine wave output, which is synthesized electronically.A sine wave can be described by a vector rotating around a circle through 360° of phase rotation (like a rotating generator). As the vector rotates counterclockwise and moves upward, the value of the signal increases to a maximum at the top of the circle, then decreases to a minimum at the bottom before again increasing. Consequently, the distance from the end of the vector to the x-axis (length of side opposing the angle) is directly proportional to the sine of the angle. By increasing the rate the vector (or generator) rotates, frequency can be controlled.y = A sin(ωt – φ) wherey = signal value (V or A)ω = angular velocity (rad/sec)φ = phase angle (radians)A = amplitude (V or A) (radius of circle)Reference: Photovoltaic Systems, p. 204-205
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AC Waveform Properties 
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At frequency of 60 Hz, period is 1/60 sec (16.67 msec) 
 

Presenter
Presentation Notes
Amplitude (or peak) is the maximum absolute value of a waveform signal, or maximum deviation from zero value during one waveform cycle. Peak voltage is the maximum value of an AC voltage waveform, and synonymous with amplitude. Peak-to-peak is a measure of the difference between positive and negative maximum values of a waveform. Root Mean Square (RMS) is a statistical parameter representing the “effective” value of a waveform signal or other time-varying function. RMS is commonly used as a measurement for AC voltage and current waveforms. Technically, RMS is defined as the square root of the mean (average) of the squares of the waveform values. RMS is not necessarily the “average” value of the waveform, because the relationship depends on the type of waveform. The AC RMS voltage is equivalent to the DC voltage that will deliver the same power as the AC voltage waveform.Reference: Photovoltaic Systems, p. 206-207
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Frequency 

 Frequency is the number of alternating current waveform cycles 
that repeat in one second, expressed in units of hertz (Hz).  

 
 The frequency of the U.S electric grid is maintained at 60 Hz, 

while 50 Hz is used in Europe and Asia.  
 

 Frequency establishes the speed of AC motors and generators, 
and a critical parameter in synchronizing electrical utility 
systems. 

 
 The period is the time it takes a waveform to complete one full 

cycle before it repeats itself.  
 Period is the inverse of frequency. 

Presenter
Presentation Notes
Frequency is the number of waveform cycles that repeat in one second, expressed in units of Hertz (Hz). The frequency of the U.S electric grid is maintained at 60 Hz. Frequency establishes the speed of motors and generators, and one of the more important parameters in synchronizing AC electrical systems. If generation exceeds the load on the utility system, the frequency goes up. Conversely, when the load exceeds generation, frequency goes down. Frequency is controlled by utilities by regulating the amount of power generation to match the system loads. Since a cycle is represented by 360° or 2π radians of phase angle rotation, frequency and angular frequency are related by:ω = 2π x f, where f= frequency (Hz).Period is the time it takes a periodic waveform to complete one full cycle before it repeats itself. As such, period is simply the inverse of frequency. For example, a 60 Hz AC waveform repeats itself 60 times per second. In this case, the period is 1/60th second, equal to 16.67 milliseconds (msec).f = 1 / T, where T = period (seconds)Reference: Photovoltaic Systems, p. 206
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Peak and RMS Voltages 
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Presenter
Presentation Notes
For a pure sine wave, the peak voltage is related to the RMS voltage by a factor of the square root of 2:Vpeak = Vrms x √2 = Vrms x 1.414Vrms = Vpeak x 0.707For example, a typical AC voltage sine wave with peak voltage of 170 V has an RMS voltage of 170 x 0.707 = 120 V. For pure sine waves, the average voltage is also related to RMS and peak voltage by: Vrms = 1.11 x Vavg, or Vavg = 0.9 x Vrms.Vavg = 0.637 x Vpeak, or Vpeak = 1.57 x Vavg.For a true square wave, Vavg, Vrms, and Vpeak are all equal. Reference: Photovoltaic Systems, p. 207
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True RMS Meters 

Fluke 179 Fluke 87V Fluke 337 Fluke 

Presenter
Presentation Notes
True RMS meters, like these Fluke 179, 337 and 87V multi-meters, can be used to accurately measure voltage and current for non-sinusoidal waveforms.Reference: www.fluke.com
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Resistive Circuits 
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Presenter
Presentation Notes
Resistive loads (or circuits) are characterized by in-phase voltage and current waveforms. Reference: Photovoltaic Systems, p. 209-210
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Presenter
Presentation Notes
Reactive loads (or circuits) include inductance and/or capacitance, and are characterized by out-of-phase current and voltage waveforms. Inductive loads momentarily retard AC current flow in the process of building magnetic fields, and result in the current waveform following, or lagging the voltage waveform in time. The power required to build the magnetic field is not consumed by the inductive load, but returned to the source every cycle. Inductive loads are most prevalent, and include common equipment such as motors and transformers. Capacitive loads momentarily store voltage, and result in the current waveform leading the voltage waveform in time. Similarly, the power required to store energy in capacitive circuits is not consumed by the load, but returned to the source during each cycle. Reference: Photovoltaic Systems, p. 209-210
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Inductive Circuits 

voltage 

current 

Animation 

Presenter
Presentation Notes
Reference: Photovoltaic Systems, p. 209-210
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Power Quality 

 
 AC loads are designed to operate at prescribed voltage, phase 

and frequency.  
 

 Power quality are effects that alter a nominal waveform 
characteristics, including: 
 Power factor 
 Voltage regulation (sag and surges) 
 Frequency regulation 
 Voltage and phase imbalance 
 Harmonic distortion 

Presenter
Presentation Notes
Power quality includes any effect that alters a nominal waveform from prescribed limits, and affects the operation of electrical loads. Inverters used in PV systems must produce AC output waveforms within acceptable limits of power quality.Reference: Photovoltaic Systems, p. 205-206 
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Oscilloscopes and  
Power Quality Analyzers 

Fluke 190 ScopeMeter® Fluke 43B Power Quality Analyzer 
Fluke 

Presenter
Presentation Notes
An oscilloscope measures the magnitude variation of a waveform signal over time, and displays this information in graphical form. These instruments can measure peak, RMS and average values for waveform signals, and some can also measure power quality parameters, such as harmonic distortion, power factor, inrush currents, and other data. Reference: www.fluke.com
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Harmonics 
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Presenter
Presentation Notes
A harmonic is a waveform component at an integer multiple of the fundamental waveform frequency. For example, a 60 Hz sine wave has harmonic frequencies at 120 Hz, 180 Hz, 240 Hz, and so on. These higher frequency harmonic components add and superimpose on the fundamental frequency and distort the waveform. When odd harmonics are increasingly superimposed on a sine wave at the fundamental frequency, the waveform begins to turn into a square wave, and peak voltage is reduced. Total harmonic distortion is the relative harmonic content in percentage, for voltage, current or power waveforms. A current waveform that contains 5% of the total current at higher frequencies than the fundamental is said to have 5% current THD.Harmonics are commonly caused by non-linear loads, including variable-frequency drives (VFDs), switching power supplies, and other electronic devices. The AC output of some lower power quality stand-alone inverters may have significant current harmonics. Consequences of harmonic distortion includes additional heat dissipation in conductors, motors and transformers, and in some cases they produce audible noise.Reference: Photovoltaic Systems, p. 205-206
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Power and Energy 

 
 Power is the rate of transferring work or energy, and analogous to: 

 An hourly wage ($/hr) 
 Speed of a vehicle (mi/hr) 
 Water flow (gal/hr) 

 
 Energy is the total amount of work performed over time, and analogous 

to: 
 Income earned ($) 
 Distance traveled (mi) 
 Water volume (gal) 

Presenter
Presentation Notes
Electrical power is a time-varying quantity, and the rate that energy is transferred. Electrical energy is the total amount of work performed over time at a given rate (power).  
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Power and Energy 

 
 Electrical power is expressed in units of watts (W). 

 1 megawatt (MW) = 1,000 kilowatts (kW) = 1,000,000 watts (W)  
 

 Electrical energy is expressed in units of watt-hours (Wh).  
 1 kilowatt-hour (kWh) = 1000 Wh 

 

where
 = energy (Wh)

 = average power (W)
 = time (hrs)

avg

avg

E P t

E
P
t

= ×

Presenter
Presentation Notes
The amount energy consumed or produced over a given time is equal to the average power multiplied by the time. For example, the average household electrical energy consumption in the U.S is about 30 kWh per day, which equate to an average power demand of 30 kWh/day ÷ 24 hours/day = 1.25 kW.
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Ohm’s Law 

 
 Ohm’s law defines the 

relationships between voltage, 
current and resistance in 
electrical circuits. 
 

 By definition, a current of one 
ampere passing through a 
resistance of one ohm results in 
a potential difference of one volt. 
 1 Volt = 1 Amp x 1 Ohm 

 
 Ohm's law can be expressed in 

various forms: 

where
 = voltage (V)
 = current (A)
 = resistance ( )

V I R

VI
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= ×

=

=

Ω

Presenter
Presentation Notes
Ohm’s law is a fundamental principle of electrical circuits that defines relationships between voltage, current and resistance. Ohm's law states that the current in an electrical circuit is directly proportional to the voltage across the circuit, and inversely proportional to the total resistance of the circuit.



 2012 Jim Dunlop Solar Inverters: 8 - 25 

Power and Ohm’s Law 

 
 In DC circuits, electrical power is 

equal to the product of the voltage 
and current: 
 
 Power (W) = Voltage (V) x Current (A) 

 
 Power can be calculated in different 

ways using Ohm’s law: 
 

2

2

where
 = power (W)
 = voltage (V)
 = current (A)
 = resistance ( )

P V I

P I R
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P
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Presenter
Presentation Notes
Power is the product of current and voltage in DC circuits.
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Presenter
Presentation Notes
The familiar Ohm’s law or “power wheel” relates voltage, current, power and resistance in electrical circuits. For reactive AC circuits, resistance is replaced by the circuit impedance. 
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Power in AC Circuits 

 The calculation of real power in AC 
circuits takes into account the phase 
angle difference between the current 
and voltage waveforms. 
 

 In AC circuits, the product of RMS 
voltage and current is called 
apparent power: 
 Volts x Amps = Apparent Power (VA) 
 

 Power factor is the ratio of real 
power to the apparent power and 
equal to the cosine of the phase 
angle: 
 PF = Cos θ  

cos

where
 = power (W)
 = voltage (V)
 = current (A)
 = phase angle (deg)

cos  = power factor (0-1)

In 3-phase circuits:
cos 3

P V I

P V I PF

P
V
I

P V I

θ

θ
θ

θ

= × ×

= × ×

= × × ×

Presenter
Presentation Notes
Since current and voltage may be out of phase in AC circuits due to reactance, the calculation for power in AC circuits must take into account the time displacement between the voltage and current waveforms. When the current and voltage are in phase, the product of the current and voltage during a cycle is always positive, even when both voltage and current are negative, and the circuit is resistive. In a circuit with reactance, at any moment in the waveform cycle the current may be negative while the voltage is positive, resulting in negative power, meaning some power is returned to the source.Because loads with lower power factor draw more current, larger conductors, overcurrent protection and switchgear is required. Also, normal utility revenue meters only record true or real power (W), not apparent power (VA). Industrial facilities tend to have lagging power factor due to a large number of inductive loads. Capacitor banks are often installed to balance highly inductive components, and to improve power factor. In some cases, utilities may install special metering to record reactive power and bill customers accordingly for the larger service equipment required.Reference: Photovoltaic Systems, p. 209-210
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Power Triangle 

Apparent Power, S 
(volt-amperes, VA) 

Reactive Power, Q 
(volt-amperes reactive, VAR) 

True Power, P (watts, W) 

θ= phase angle between 
voltage and current waveforms 

22 QPS +=

Presenter
Presentation Notes
True power also called real or active power is the component of AC power that produces useful work, and represented in units of watts (W). True power represents the product of in-phase voltage and current waveforms. Reactive power is the component of AC power that generates magnetic fields or stores energy in equipment but performs no useful work, represented in units of volt-amperes reactive (VAR). Apparent power is the combination of active and reactive power, and given in units of volt-amperes (VA). Because rotating generators and some inverters can produce reactive power, their power output is often given in VA (or kVA) as opposed to W (or kW). The relationship between active, reactive and apparent power can be represented graphically by the power triangle.Reference: Photovoltaic Systems, p. 209-210 
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Transformers 

 Transformers are used in PV inverters to convert AC voltage from 
one level to another and to isolate the DC input from and AC 
output. 

Presenter
Presentation Notes
A transformer transfers AC power from one circuit to another by magnetic coupling. Transformers are an integral part of most inverters, and are used for isolation and to convert AC voltage from one level to another. Many high-speed switching inverters use lighter weight and more compact high frequency transformers. Transformers are used in PV systems for interfacing the inverter AC output with different utility service or distribution voltages. A three-phase transformer is made of three sets of primary and secondary windings wrapped around an iron core. Transformers are also used to transition from delta-wye and wye-delta configurations.A basic transformer consists of two or more coupled windings around a magnetic core. AC current in one winding creates a time-varying magnetic flux in the core, which induces a voltage in the other windings. Transformers cannot convert DC to AC or vice versa. Nor can they change the voltage or current of a true DC signal, or charge the frequency of an AC supply. However, transformers are principal components of equipment that perform these functions.Reference: Photovoltaic Systems, p. 218-219
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Transformers 

 The turns ratio is the ratio of the number of coils in a 
transformer’s primary and secondary windings, and defines the 
ratio of primary and secondary voltages. 
 

 For an ideal transformer, the ratio of the currents in the primary 
and secondary circuits is inversely proportional to the turns 
ratio. 

 
 1 1 2

2 2 1

1 2

1 2

1 2

where
 and  = number of turns in primary and secondary windings

 and  = voltage in primary and secondary windings
 and  = voltage in primary and secondary windings

N V I
N V I

N N
V V
I I

= =

Presenter
Presentation Notes
For an ideal transformer, the ratio of the primary and secondary voltages is equal to the ratio of the number of turns in their windings, called its turns ratio.Assuming an ideal transformer, consider a 120 V, 1200 W load is supplied from 12 V source, requiring a transformer with a turns ratio of 10:1.P = V x I 1200 W / 12 V = 100 A (in the primary circuit) 1200 W / 120 V = 10 A (in the secondary circuit)Reference: Photovoltaic Systems, p. 218-219
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Autotransformers 

 Autotransformers can be used to adjust inverter AC output 
voltage from one level to another, but provide no isolation 
because they use the same winding. 

Primary:  

240 V Secondary: 

208 V 

Presenter
Presentation Notes
Buck-boost transformers are often used as autotransformers to externally covert inverter output voltages to different load or utility voltages. These transformers can carry loads in excess of their nameplate rating, and are an economical, compact means of slightly adjusting voltage up or down. For example, a buck-boost autotransformer may be used to convert an inverter’s 240 V output to a 208 V grid, or a 208 V output to a 240 V grid. Because the same winding is used for the primary and secondary sides, autotransformers do not provide isolation.Reference: Photovoltaic Systems, p. 218-219
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Types of Power Systems 

 
 Single-Phase Systems 

 Spilt-phase systems are commonly used for residential and small 
commercial electrical services derived from a single-phase source.  

 
 Three-Phase Systems  

 Wye “Y” or “star” configuration 
 Delta “Δ” configuration 

 
 An understanding of different types of electrical services and 

their compatibility with inverter output specifications is an 
important aspect of designing and installing grid-connected PV 
systems. 

Presenter
Presentation Notes
Small interactive inverters under 10 kW are often connected to single-phase power systems in residential or small commercial applications, or they may be connected in groups of three across each phase of a three-phase system. Larger inverters 30-50 kW and higher are interconnected to delta or wye configured three-phase power systems.



 2012 Jim Dunlop Solar Inverters: 8 - 33 

Single-Phase Power Systems 

 Single-phase power sources have only one voltage waveform. 
 

 Split-phase power systems are single-phase power systems providing 
multiple load voltages by center-tapping distribution transformers. 
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Presenter
Presentation Notes
Single-phase power systems are characterized by a single AC source having only one voltage waveform. Split-phase power systems have multiple in-phase AC voltage sources connected in series, delivering multiple load voltages. Split-phase systems are commonly used by utilities for distribution services to residential and small commercial customers.Split-phase electrical services are created from a single-phase source by center-tapping the distribution transformer. The resulting output voltage sources are 180° out-of-phase with one another, and the neutral current is the difference between the two line currents. When the load is balanced, the neutral current is zero. Split-phase systems take advantage of the benefits of using higher voltages, but with greater safety using lower maximum voltages to ground.
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Presenter
Presentation Notes
Three-phase power is characterized by three separate voltage waveforms occurring simultaneously each cycle. These waveforms are separated by 120° of phase angle, the result of generators having three equally-spaced stator coils. Three-phase is commonly used for generators and motors because they can be more efficient and smaller that single-phase ones. Larger PV inverters are designed to produce three-phase AC output.Reference: Photovoltaic Systems, p. 205-206



 2012 Jim Dunlop Solar Inverters: 8 - 35 

Wye Configuration 

 
 Wye “Y” Configuration 

 Phase and line currents are always equal. 
 For a balanced load, the line voltage between any two phases is equal to 

the phase voltage x √3. 
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Presenter
Presentation Notes
Wye “Y” configurations are characterized by the connection of three voltage sources (or phases) separated by 120° phase angle with one pole of each source connected at a common point. The phase currents are always the same as the line currents, regardless of load balance. For a balanced load, the line voltage between any two phases is equal to the phase voltage times the square root of 3. For example, a typical Y-connected system with 120 V phases (sources) with a balanced load has line-to-line voltage of 120 V x 1.73 = 208 V. A Y-connected system with 277 V sources has a line-to-line voltage of 480 V.A 4-wire Y-configuration uses a neutral conductor connected to the common point, while a 3-wire Y-configuration does not. The 4-wire configuration with a neutral connection provides for 120 V loads and keeps the other phase voltages the same if one phase opens, which is important for connecting motors and inverters. 
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Delta Configuration 

 
 Delta “Δ” Configuration 

 Line voltage and phase voltages are equal. 
 For a balanced load, the line current is equal to the phase current x √3. 
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Presenter
Presentation Notes
Delta “Δ” configurations are characterized by the connection of three voltage sources separated by 120° phase angle with each source connected in series with each other to form a triangular loop. There is no common connection point for the three sources. In Δ-configurations, the line-to-line voltage is equal to the phase voltage regardless of load since the loads are connected in parallel with each phase. For a balanced load, the line current is equal to the phase current x 3. For example, a typical Δ-connected system with 240 V phases (sources) also has line-to-line voltage of 240 V.
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Wye and Delta Configurations 

3-Wire, 240 V Delta “Δ”  4-Wire, 120208 V - Wye “Y”  
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Presenter
Presentation Notes
While Δ-configurations have higher line currents and require larger conductors than Y-configurations, the main advantage of Δ-configured sources is greater load reliability in the event of a fault or open-circuit in one phase (loss of phase). The line voltage between any two phases remains the same even if one phase is lost, although the two other line currents increase. With the failure of one source phase in a Y-Δ connected system, the load voltage will be halved on two phases. If one phase fails on a Y-Y connected system, the load voltage will be halved of two phases and lost entirely on the other phase. However, Y-connected sources can deliver the same amount of power at lower line currents than Δ-connected sources and are commonly used where dual load voltages are required. Transformers are used to transition from Δ-Y and Y-Δ configurations. 
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High-Leg Delta Configuration 

 A high-leg delta configuration center taps one winding for a ground and 
neutral connection, providing 120 V and 240 V single-phase and 240 V 
three-phase.  

240 V, 4-Wire High-Leg Delta “Δ”  
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L1 
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Presenter
Presentation Notes
A high-leg delta configuration center taps one winding for a ground and neutral connection. This allows a single service to supply 120 V for lighting, 240 V single-phase, and 240 V three-phase for motor loads. Two of the phases are 120 V to neutral, the third phase or "high leg" is 208 V to neutral.



 2012 Jim Dunlop Solar Inverters: 8 - 39 

Three-Phase Power 
Animation 

Presenter
Presentation Notes
This animated diagram shows how three-phase power flows between generation and load in a Y-Y configuration. Reference: Photovoltaic Systems, p. 205-206
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Inverter Circuit Designs 

 
 Inverters produce AC power output from DC power input using 

different circuit designs and components.  

Inverter 
DC Power In 

AC Power Out 

Presenter
Presentation Notes
The following material covers basic inverter circuit designs. Courses focused on inverter applications and systems design may want to skip ahead to the section on inverter types and specifications.
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Switching Elements 

Thyristors and Silicon Controlled Rectifiers (SCRs) 
Metal-Oxide Field-Effect Transistors (MOSFETs) 

Insulated Gate Bi-polar Transistors (IGBTs) 

Presenter
Presentation Notes
Inverter circuits use high-speed switching transistors to convert DC to AC power. Large thyristors are used in high power applications up to several MW for HVDC power transmission at grid-interties. Most PV inverters use metal-oxide semiconductor field-effect transistors (MOSFETs) or insulated gate bi-polar transistors (IGBTs). Power MOSFETs operate at lower voltages with high efficiency and low resistance compared to IGBTs. They switch at very high speeds (up to 800 kW) and are generally used in medium to low-power applications from 1 kW to 10 kW. IGBTs handle high current and voltage, but switch at lower speeds (up to 20 kHz), and are more common for high-voltage, large power applications up to an over 100 kW. Switching elements are often connected in parallel to increase current and power capability. Reference: Photovoltaic Systems, p. 214

http://www.google.com/imgres?imgurl=http://media.digikey.com/photos/IXYS Photos/162-MCC.jpg&imgrefurl=http://parts.digikey.com/1/parts-kws/thyristor-module&usg=__YjmWw-dWwkWlHCys1TCvc9ilrTw=&h=640&w=640&sz=75&hl=en&start=18&sig2=WDyyPxYI1TAugvXtJVOQ2Q&zoom=1&um=1&itbs=1&tbnid=kZJp7-Mncd1rhM:&tbnh=137&tbnw=137&prev=/images?q=thyristor&um=1&hl=en&sa=N&rlz=1T4GGIC_en&tbs=isch:1&ei=9IfTTJfrL8P_lgefq-3hBQ
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Switching Control 

 
 Line-commutated inverters use an external source, such as the 

utility grid to trigger switching elements and synchronize their 
output. 
 Used for grid-connected inverters only. 

 
 

 Self-commutated inverters control switching elements and 
regulate their waveform output with internal software and 
controls. 
 Used for stand-alone or interactive inverters. 

Presenter
Presentation Notes
A line-commutated inverter uses a switching device that is controller from an external source, such as utility power. This type of inverter can not operate in stand-alone mode independent of the grid. The commutation (switching DC to make AC) is triggered by the AC source.A self-commutated inverter uses a switching device that can internally control the output AC current and voltage waveforms. They can operate either interconnected or independent of the grid. Most PV inverters used today are self-commutated inverters. Self-commutated inverters may be voltage source or current source types. A voltage source inverter treats the DC input as a voltage source, and an AC output voltage is produced at constant amplitude and variable width. A current source type treats the DC input as a current source, and produces an AC current output at constant amplitude with variable width. Most inverters designed to operate directly from PV array and interconnected to the grid are current source types.Reference: Photovoltaic Systems, p. 214-215
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H-Bridge Inverter 
H-Bridge Square Wave Inverter 

DC input 

Negative (-) 

Positive (+) 

3 

AC output 

1 2 

4 

Presenter
Presentation Notes
An H-bridge inverter uses switching elements to reverse the polarity of a DC current every half cycle. In the diagram, DC power is supplied to two corners of a switching bridge. Initially, switches 1 and 4 are closed, while switches 2 and 3 are opened. Then every half cycle, the switch openings and closings are reversed; switches 1 and 4 are opened and switches 2 and 3 are closed. This circuit produces an AC square wave that switches between maximum positive and negative values. A transformer is used to step up the output voltage.Reference: Photovoltaic Systems, p. 215-216
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H-Bridge Square Wave Inverter 
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For 60 Hz, 1 cycle is 1/60th second, 
switching occurs every 1/30th second. 

Switches 1 and 4 closed, 2 and 3 open  

Switches 1 and 4 open, 2 and 3 closed 

DC input 
(blue line) 

AC output 
(red line) 

Presenter
Presentation Notes
This diagram illustrates the AC square wave output waveform produced from a simple H-bridge inverter.Reference: Photovoltaic Systems, p. 215-216
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H-Bridge Inverter 
H-Bridge Square Wave Inverter 

DC input 

Negative (-) 

Positive (+) 

3 
AC output 

1 2 

4 

Animation 

Presenter
Presentation Notes
This slide is for animation during presentations.Reference: Photovoltaic Systems, p. 215-216
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H-Bridge Inverter 

 This H-bridge inverter converts 12 VDC into a 120 VAC square 
wave using a transformer with a 10:1 turns ratio. 

H-Bridge Square Wave Inverter 

12 VDC input 120 VAC output 

1 2 

4 3 

Transformer 

10:1 Turns Ratio 

Switching 
elements 

Negative (-) 

Positive (+) 

Presenter
Presentation Notes
An H-bridge inverter circuit can also be drawn as illustrated, this time showing an output transformer with a 10:1 turn ratio inverting 12 VDC to 120 VAC. The DC input current will be slightly greater than 10 times the AC output current.Reference: Photovoltaic Systems, p. 215-216



 2012 Jim Dunlop Solar Inverters: 8 - 47 

Push-Pull Inverter 

Push-Pull Modified Square Wave Inverter 

DC input 

Positive (+) 

SW1 
Positive (+) 

Transformer 

Negative (-) 

SW2 

AC output 

Current flow w/ SW1 closed, SW2 open 

Current flow w/ SW1 open, SW2 closed  

Shorting 
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Presenter
Presentation Notes
A push pull inverter generates a square wave from a bi-polar DC source using a center-tap transformer. First, switch 1 is turned on (closed) and switch 2 is off (open), allowing current to flow from the DC source through the transformer and back to the source in a clockwise loop. The transformer primary winding delivers energy to the output winding, and the output current moves in a counter-clockwise direction through a load as shown. Every half cycle switch 1 is opened, and switch 2 closed. The current flows again from the battery, this time in a counter-clockwise loop. The current now flows at the transformer output in the opposite direction (clockwise). When this cycle is repeated 60 times per second, this deign produces a 60 Hz square wave.When a shorting output winding is used, and additional switch may be used “clear” the transformer. This creates an additional step in the output waveform, and allows a more gradual change in current direction. This results in a modified square wave output. Reference: Photovoltaic Systems, p. 215-216
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Low-Frequency Inverters 

H-Bridge or 
Push-Pull 

DC Source 
(Battery) AC Output Transformer 

Low-voltage DC Low-voltage AC Higher-voltage AC 

 
 Low-frequency inverter designs use an H-bridge or push-pull 

inverter circuit, and the resulting AC output is stepped up to 
higher voltages through a transformer.   

Presenter
Presentation Notes
Low-frequency designs are commonly used for PV inverters.Reference: Photovoltaic Systems, p. 216-217
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PWM Control 

 PWM control regulates the RMS voltage output by varying the 
width of the output signal depending on peak voltage available 
from the source. 
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Presenter
Presentation Notes
Pulse-width-modulation (PWM) is commonly used to control switching devices to regulate the AC output waveform of inverters.  PWM control is also used to construct a true sine wave.Reference: Photovoltaic Systems, p. 216-217
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Multistage  
Low-Frequency Inverters 

H-Bridge 

DC Source 
(Battery) 

Transformer 
1:1 ratio 

Low-voltage DC 

 Multistage inverter designs use parallel circuits to synthesize 
true sine waves.   

Low-voltage AC 

H-Bridge AC Output Transformer 
1:3 ratio 

H-Bridge Transformer 
1:9 ratio 

Presenter
Presentation Notes
Low frequency designs are commonly used for PV inverters.Reference: Photovoltaic Systems, p. 216-217
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PWM Sine Wave Inverters 

 
 Pulse-width-modulation (PWM) control is used to simulate multi-

step AC sine waves by superimposing square waves of varying 
amplitude and width.  

Presenter
Presentation Notes
PWM control is used to regulate inverter RMS output by regulating output pulse width. The DC voltage and transformer ratio define the peak voltage, and pulse width modulation regulates the RMS voltage. The area under each pulse remains the same.Reference: Photovoltaic Systems, p. 216-217
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High-Frequency Inverters 

DC-DC 
Converter DC Source H-Bridge 

 High frequency inverters use DC-DC converters and smaller 
transformers, resulting in highly efficient and lightweight 
designs. 

AC Output 

Transformer 

PWM Frequency 
Regulation 

Presenter
Presentation Notes
High frequency inverters use a DC to DC converter to step DC input voltage up to higher levels, or use higher voltage PV arrays. The DC power is then inverted to AC power at high frequency without the need for a large 60 Hz transformer. PWM control can be used on the inverter output as a final switching stage to reduce frequency to produce 60 Hz AC power.Reference: Photovoltaic Systems, p. 216-217
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Types of PV Inverters 

 
 Stand-Alone Inverters 

 Operate from batteries and supply power independent of the utility grid. 
 

 Utility-Interactive or Grid-Connected Inverters 
 Operate from PV arrays and supply power in parallel with the utility grid. 

 
 Bi-Modal or Battery-Based Interactive Inverters 

 Operate as diversionary charge controllers, and produce AC power output 
to regulate PV array battery charging when the grid is energized. 

 Transfer PV system operation to a stand-alone mode and provide backup 
electric power to critical loads when the utility grid is not energized  

Presenter
Presentation Notes
Stand-alone inverters operate from batteries and supply power independent of the electrical utility system. These inverters may also include a battery charger to operate from an independent AC source, such as a generator.Utility-interactive or grid-connected inverters operate from PV arrays and supply power in parallel with an electrical production and distribution network. They do not supply PV array power to loads during loss of grid voltage (energy storage is required).Bi-modal inverters are a type of battery-based interactive inverter that act as diversionary charge controllers by producing AC power output to regulate PV array battery charging, and send excess power to the grid when it is energized. During grid outages, these inverters transfer backup loads off-grid, and operate in stand-alone mode. They can operate either in interactive or stand-alone mode, but not simultaneously.Reference: Photovoltaic Systems, p. 93-94, 212-213
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Stand-Alone & Interactive 
Inverters 
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inverter power rating 
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Presenter
Presentation Notes
Although stand-alone and interactive PV inverters both produce AC power from DC power, they have different applications and functions.Reference: Photovoltaic Systems, p. 212-213
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Stand-Alone Inverters 

 
 Stand-alone inverters use batteries for DC power input 

 PV arrays or other DC sources are used to charge the battery independently. 
 Common DC input voltage 12 V, 24 V and 48 V for residential application, up to 480 

V for industrial applications. 
 

 Supply power to AC loads isolated from the grid; inverter power rating 
dictates maximum AC load. 
 

 Often include battery charger function for utilizing an independent AC 
input source (e.g., generator or grid) 
 Can not synchronize with and feed power back into the grid. 

 
 Output power rating must be at least equal to the single largest 

connected load [NEC 690.10]. 
 

Presenter
Presentation Notes
Reference: Photovoltaic Systems, p. 212-213



 2012 Jim Dunlop Solar Inverters: 8 - 56 

Stand-Alone Inverters 

DC Load PV Array 

Battery 

Charge 
Controller 

Stand-Alone 
Inverter/Charger 

AC Load AC Source 
(to Charger Only) 

Presenter
Presentation Notes
Stand-alone inverters use batteries for DC power input. PV arrays or other DC sources are used to charge the battery independently. Common DC input voltages are 12 V, 24 V and 48 V for residential application, and up to 480 V for industrial applications.Stand-alone inverters supply power to AC loads isolated from the grid, and the inverter power rating dictates maximum load. These inverters often include battery charger function for utilizing an independent AC input source (e.g., generator or grid), but can not synchronize with and feed power back into the grid. The AC output regulation depends on input voltage, and most include low voltage battery cutoff. The output power rating for stand-alone inverters must be at least equal to the single largest utilization load; no requirement for inverter to provide either the rated full current or the dual voltages of service equipment.References: Photovoltaic Systems, p. 212-213NEC 690.10
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Stand-Alone Inverters 

Presenter
Presentation Notes
Stand-alone inverters are available from as small as 50 watts, and commonly in the 4 to 6 kW range. Due to exceedingly large battery banks, higher current operation, and large conductor sizes required generally limits battery based inverters to around 25 kW to 50 kW for large remote power installations. References: Photovoltaic Systems, p. 212-213



 2012 Jim Dunlop Solar Inverters: 8 - 58 

Utility-Interactive Inverters 

 
 Interactive inverters use PV arrays for DC power input, and 

supply synchronized AC output power in parallel with the utility 
grid. 
 

 Site AC loads may be served by the inverter output, utility or 
both. Excess power not needed by local loads flows to the grid. 
 Power ratings limit the size of the connected PV array; output is 

independent of loads. 
 

 All listed interactive inverters produce utility-grade sine wave 
output and include anti-islanding safety features to de-energize 
inverter output to the grid upon loss of grid voltage.  

Presenter
Presentation Notes
Listed interactive PV inverters are available from numerous manufacturers with AC power ratings ranging from around 200 watts for small module-level micro-inverters, to 500 kW – 1 MW for large commercial and utility-scale inverters.Suggested Exercise: Review product literature and specifications from different inverter manufacturers. Reference: Photovoltaic Systems, p. 212-213
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Utility-Interactive Inverters 

Load 
Center 

PV Array Interactive 
Inverter 

AC Loads 

Electric 
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Presenter
Presentation Notes
Interactive inverters use PV arrays for DC power input, and supply synchronized AC output power in parallel with the utility grid, supplementing power to the AC distribution system. Local AC loads may be served by the inverter output, utility or both. Excess power not needed by local loads flows to the grid.Interactive inverters are connected to the grid at a point of utility interconnection, typically at the site distribution panel or electrical service entrance. The power ratings for interactive inverters limits the size of the connected PV array. The AC output is independent of the AC loads, and only requires an energized grid to operate. All listed interactive inverters produce utility-grade sine wave output and include anti-islanding safety features to de-energize inverter output to the grid upon loss of grid voltage. Utility-interactive inverters range from module-based micro-inverters with rated AC power output around 200 W up to single units with output 500 kW to 1 MW and larger.Reference: Photovoltaic Systems, p. 102-110 & Chap. 12
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Types of Interactive Inverters 

 Module-Level Inverters 
 200-300 W, includes AC modules and micro inverters integral to or installed at the 

PV module level. 
 

 String Inverters 
 2-12 kW, designed for residential and small commercial applications using 1-6 

series-connected PV array source circuits.  
 

 Central Inverters 
 30-50 kW up to 500 kW, designed for commercial applications with homogeneous 

arrays.  
 

 Utility-Scale Inverters 
 500 kW to 1 MW, designed for solar farms. 

 
 Bimodal Inverters 

 2-10 kW, battery-based interactive inverters that provide grid backup to critical 
loads. 

Presenter
Presentation Notes
Most types of interactive inverters are not intended to operate with batteries, only bimodal inverters.Reference: Photovoltaic Systems, p. 102-110 & Chap. 12
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Module-Level Inverters 

 AC modules are factory-
integrated PV modules with 
interactive inverters. 
 

 Micro inverters are similar in 
concept but are separate 
equipment.   
 

 Typically 200-300 W rated 
maximum AC output (approx. PV 
module size). 
 

 Used primarily for residential 
and small commercial 
applications, and can achieve 
greater energy harvest from 
partially shaded and multi-
directional arrays. 

Enphase Micro Inverter 

Presenter
Presentation Notes
Module level inverters include AC modules and micro inverters. AC modules and micro inverters are small inverters installed integral to or adjacent to individual PV modules. These inverters are rated 200-300 W maximum AC power output, which is consistent with standard PV module sizes. The AC outputs of multiple inverters are connected in parallel to a dedicated branch circuit breaker. Advantages of module-level inverters include individual module MPPT and better energy harvest from partially shaded and multi-directional arrays. They also minimize field-installed DC wiring and source circuit design issues, and they are inherently safer as the maximum DC voltages on the array are for a single module (35-60 V) as opposed to a series connection of several hundred volts for string inverters. Reference: Photovoltaic Systems, p. 102-110 & Chap. 12
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String Inverters 

 String inverters are small inverters in the 1 to 12 kW size range, 
intended for residential and small commercial applications. 
 Generally single-phase, usually limited to 1 to 6 parallel-connected source 

circuits, or “strings”. 
 Some integrate source circuit combiners, fuses and disconnects into a 

single unit.  
 

Presenter
Presentation Notes
A string is a vernacular term for a PV array source circuit, which consists of one or more series-connected PV modules and defines the system DC bus voltage. Strings are connected in parallel at inverters and combiner boxes to build higher array outputs. Source circuit strings of 8-12 modules in series are typically between 1.5 to 3 kW, and operate at voltages of 300 to 600 VDC.Larger systems using multiple string inverters offer a number of advantages in systems design and installation. Multiple inverters can be distributed at subarray locations, avoiding long DC circuit run, and can be interconnected at distributed points in an electrical system. Multiple inverters also provide redundancy in the event of an individual inverter or subarray failure, and provide MPPT and monitoring at subarray level, facilitating fault finding and optimizing the output of individual subarrays of different size, type, orientation or partially shaded. The AC output of multiple string inverters can be distributed equally across the three phases in groups of three to avoid phase imbalance.Reference: Photovoltaic Systems, p. 212
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Central Inverters 

 Central inverters start at 30-50 kW up to 500 kW, and interconnect 
to 3-phase grids. 
 Best suited for homogeneous PV arrays having all the same modules and 

source circuit configurations, and aligned and oriented in the same 
direction with no shading. 

Presenter
Presentation Notes
Central inverter installations require heavy equipment handling, larger conduit and switchgear, and competent installers. The tradeoffs between using central or smaller string inverters is usually around 30-50 kW.
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Utility-Scale Inverters 

 
 Most commercial PV inverters up to 500 kW installed on public 

and private properties are interconnected to the grid at service 
voltages less than 600 VAC. 
 These systems must comply with NEC requirements and use listed 

inverters and other equipment. 
 PV arrays are less than 600 VDC. 

 
 Large inverters 500 kW to 1 MW and higher used in PV power 

plant installations are interconnected to the grid at distribution 
voltages up to 38 kV. 
 For utility-controlled sites, certain variances with the NEC and product 

listing requirements may apply. 
 PV arrays may operate up to 1000 VDC 

Presenter
Presentation Notes
Behind-the-fence applications may have certain variances with NEC and product listing requirements if the site is owned or leased and under the exclusive control of an electric utility, or an independent power producer (IPP) recognized by FERC or state utility commissions. These sites have restricted access and operations and maintenance are conducted by qualified persons only.
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Utility-Scale Inverters 

 Utility-scale inverters use higher 
DC input and AC output voltages 
to reduce losses, and the size 
and costs of the conductors and 
switchgear required. 
 DC input from PV arrays 900 to 

1000 VDC 
 AC output to grid at distribution 

level voltages up to 35 kV. 
 

 Packaged systems include 
inverters, transformers, 
switchgear, climate-controlled 
enclosure and mounting 
platform as a pre-engineered 
unit. 

Presenter
Presentation Notes
Utility-scale inverters use higher DC input and AC output voltages for a number of reasons. Higher voltage systems require smaller conductors for the same power rating, and less cabling is required overall with higher voltage array segments. Inverters can also be designed for higher efficiency at higher voltages. Higher voltage systems may also allow transformers to be eliminated in some interconnections to the distribution system up to 35 kV. While the costs of the higher voltage rated conductors and equipment are somewhat greater, overall costs savings and performance gains can be achieved with higher voltage systems. Several manufacturers offer packaged power plant inverter solutions that include inverters, transformers, switchgear, climate-controlled enclosure and mounting platform in a pre-engineered unit. Some of these packages are listed to UL standards for walk-in electrical equipment. Special controls may be used for utility-scale inverters than differ from smaller inverters due to their impact on grid operations. Smaller inverters are designed for near unity power factor output with tighter anti-islanding and power quality controls. Utility-scale inverters may be designed to deliver reactive power or low voltage ride through (LVRT), or provide other dynamic controls for grid support.
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Bimodal Inverters 

 
 Bimodal inverters use batteries for DC power input and may 

operate in either interactive or stand-alone mode. 
 

 In interactive mode, the inverter produces AC power output in 
proportion to PV array production, while maintaining a 
prescribed maximum battery voltage. 
 

 Upon loss of grid voltage, the inverter automatically transfers to 
stand-alone mode, and powers backup loads isolated from grid. 
 

 Bimodal inverters may also include load control, battery 
charging, and generator starting functions. 

Presenter
Presentation Notes
Reference: Photovoltaic Systems, p. 212-213
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Bimodal Inverters 
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Presenter
Presentation Notes
Bimodal inverters are utility-interactive inverters that use battery storage. They can operate in either interactive or stand-alone mode, but not simultaneously. These types of inverters and systems are used where a backup power supply is required for critical loads.Under normal circumstances when the grid is energized, the inverter acts as a diversionary charge controller, limiting battery voltage and state-of charge. When the primary power source is lost, a transfer switch internal to the inverter opens the connection with the utility, and the inverter operates dedicated loads that have been disconnected from the grid. An external bypass switch is usually provided to allows the system to be taken off-line for service or maintenance, while not interrupting the operation of electrical loads. These inverters may also be used in hybrid system applications to control loads, battery charging, and generator starting.Reference: Photovoltaic Systems, p. 102-110, 212-213
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Bimodal Inverters 

Presenter
Presentation Notes
This 48 V, 5500 W bimodal inverter/charger system provides backup power to a small office and computers. An 800 W PV array provides a small amount of energy to the grid when it is energized, but also provides battery charging when the grid is down.   
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Inverter Selection 

 
 Selecting and specifying the best inverter for a given application 

involves considering the system design and installation 
requirements. 
 Inverter specification sheets are critical. 

 
 Inverter selection is often the first consideration in system 

design, and based on: 
 The type of electrical service and voltage. 
 Anticipated size and locations of the array.  

 
 For interactive inverters, optimal DC ratings for the PV array are 

110-130% of the inverter maximum continuous AC power output 
rating. 
 
 

Presenter
Presentation Notes
Reference: Photovoltaic Systems, p. 212-225.
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Inverter Specifications  

 
 Stand-alone and interactive inverters have similar but different 

specifications due to their different application. 
 

 Standard specifications for all types of inverters include: 
 

 AC output power ratings 
 DC input voltage  
 AC output voltage 
 Power conversion efficiency 

Presenter
Presentation Notes
Inverters used in PV systems have a number of specifications and features that establish their performance capabilities and intended operating parameters and limits. While the some specifications for stand-alone and interactive inverters are similar, many are different due to the different application.Reference: Photovoltaic Systems, p. 220-225
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Interactive Inverter Specifications 

 DC Input  
 Maximum array voltage (open-circuit, cold) 
 Recommended maximum array power 
 Start voltage and operating range 
 MPPT voltage range 
 Maximum usable input current 
 Maximum array and source circuit current 
 Ground fault and arc fault detection 

 
 AC Output 

 Maximum continuous output power 
 Maximum continuous output current 
 Maximum output overcurrent device rating 
 Power quality 
 Anti-islanding protection 

 

Presenter
Presentation Notes
Suggested Exercise: Review inverter manufacturer’s specifications and product literature.
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Interactive Inverter Specifications 

 Performance 
 Nominal and weighted efficiencies 
 Stand-by losses (nighttime) 
 Monitoring and communications interface 

 
 Physical 

 Operating temperature range 
 Size and weight 
 Mounting locations, enclosure type 
 Conductor termination sizes and torque specifications 
 Conduit knockout sizes and configurations 

 
 Other Features 

 Integral DC or AC disconnects 
 Number of source circuit combiner and fuse/circuit ratings 
 Standard and extended warranties 
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Inverter Standards 

 
 UL Std. 1741 Inverters, Converters, Controllers and 

Interconnection System Equipment for Use with Distributed 
Energy Resources 
 Applies to both stand-alone and interactive inverters. 

 
 IEEE 1547 Standard for Interconnecting Distributed Resources 

with Electric Power Systems 
 Applies to interactive inverters and systems. 

 
 National Electrical Code (NEC), NFPA 70 

 Applies to all inverters and PV system installations. 

Presenter
Presentation Notes
The following standards apply to inverters used in PV systems, including requirements for product listing, installation and interconnection to the grid. UL 1741 Inverters, Converters, Controllers and Interconnection System Equipment for Use with Distributed Energy Resources addresses requirements for all types of distributed generation equipment, including inverters and charge controllers used in PV systems, as well as the interconnection of wind turbines, fuel cells, microturbines and engine-generators. IEEE 1547 Standard for Interconnecting Distributed Resources with Electric Power Systems, and IEEE 1547.1 Standard for Conformance Test Procedures for Equipment Interconnecting Distributed Resources with Electric Power Systems are the basis for UL 1741 certification for interactive inverters. Inverter installation requirements are governed by the National Electrical Code (NEC) Articles 690 and 705. These articles cover inverter installation requirement including sizing conductors and overcurrent protection devices, disconnect means, grounding, and for connecting interactive inverters to the electric utility grid.Reference: Photovoltaic Systems, p. 220-225
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Inverter Power Ratings 

 
 Both stand-alone and interactive inverters are rated for their 

maximum continuous AC power and current output over a 
specified temperature range. 
 

 Inverter power ratings are limited by the temperature of their 
switching elements. Larger inverters use cooling fans. 
 
 Stand-alone inverters limit power output by disconnecting AC loads when 

their maximum DC input current is exceeded. 
 

 Interactive inverters limit their maximum power output by tracking the PV 
array off its maximum power point. 

Presenter
Presentation Notes
Stand-alone inverters limit their power output by disconnecting AC loads or turning off when their maximum DC input current is exceeded. This usually requires manual resetting to resume inverter operation after the excess loads have been removed. Unlike interactive inverters, stand-alone inverters can supply limited surge currents above its continuous output current rating for short periods. However, high in-rush currents can cause stand-alone inverters to trip off due to DC overcurrent.Interactive inverters limit their maximum power output by tracking the PV array off its maximum power point. This protective feature is integral to all listed interactive inverters. Interactive inverters are rated for their maximum DC input current, and their maximum continuous AC output current rating is used to size conductors and overcurrent protection between the inverter and point of utility interconnection. Reference: Photovoltaic Systems, p. 220-225
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Inverter Power Ratings 

Battery 
Stand-Alone 

Inverter 
AC Load 

PV Array 
Interactive 

Inverter 
Utility Grid 

Interactive Operation with PV Array as DC Power Source 

AC load is limited by 
inverter power rating 

PV array size is limited by 
inverter power rating 

Stand-Alone Operation with Battery as DC Power Source 

Vs. 

Presenter
Presentation Notes
Both stand-alone and interactive PV inverters are power limited output devices rated for maximum continuous AC power output. Inverter power ratings are ultimately thermally-limited by the operating temperature of their switching elements, and most use fans for cooling to achieve maximum rated output at specified operating temperatures. Some inverters are rated for higher continuous output power at lower temperatures. Reference: Photovoltaic Systems, p. 220-225
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Inverter Voltage Ratings 

 For stand-alone inverters, the DC input voltage is based on a 
nominal battery voltage: 
 Inverters less than 1 kW may use a 12 V battery, while large inverters use 

a nominal DC bus voltage of 24 V, 48 V or higher.  
 

 For interactive inverters, the DC input voltage covers a wide 
range (usually over 200 V) that permits the connection of 
different voltage arrays operating under a wide temperature 
range. 
 String sizing is used to match the array voltage and size to the inverter DC 

input requirements. 
 

 The AC output voltage for all inverters is based on common 
electrical system configurations and ANSI standards.  

Presenter
Presentation Notes
Both stand-alone and interactive inverters are rated for their DC input and AC output voltages. Stand-alone inverters are designed to operate from nominal battery system voltages. Higher DC voltage input is used for higher power output inverters to minimize the larger currents and conductor sizes required on the DC input. Smaller stand-alone inverters less than 1 kW may use a 12 V DC input, while large inverters use a nominal DC bus voltage of 24 V, 48 V or higher. Stand-alone inverters automatically shut down under high or low battery voltage conditions.Interactive inverters operate over a wide range of DC input voltages from PV arrays. Typically, the DC voltage window is several hundred volts with both minimum and maximum voltages for inverter operation and maximum power point tracking. The AC output of inverters is designed to interface with either the utility grid or with common electrical loads and appliances. As such, inverter AC output voltage ratings are consistent with normal utility voltage standards. Smaller inverters less than 6 kW typically produce AC output voltage of 120 V or 240 V single-phase. Larger inverters may be designed to produce 208 V, 277 V or 480 V three-phase power. Some inverters allow configuration for a variety of output voltages.Reference: Photovoltaic Systems, p. 220-225
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Inverter Efficiency 

 
 Inverter efficiency varies with power level, input voltage and 

temperature, among other factors. 
 

 Inverter efficiency is calculated by the AC power output divided 
by the DC power input: 

5700 0.95 95%
6000

where
 = inverter efficiency
 = AC power ouput (W)
 = DC power input (W)
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DC
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DC

P
P

P
P

η

η

= = = =

AC Output: 
5700 W 

DC Input: 
6000 W 

Losses (Heat): 
300 W 

Inverter 

Presenter
Presentation Notes
Modern interactive PV inverters have weighted efficiencies of 95% and higher.Reference: Photovoltaic Systems, p. 220-225
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Inverter Efficiency 

 
 Inverter efficiency testing is conducted over a range of operating 

voltages and power levels. 

California Energy Commission 

Presenter
Presentation Notes
In addition to product safety testing and listing to the UL1741 standard, the California Energy Commission has established requirements for independent inverter efficiency testing by an NRTL to be approved as eligible equipment for incentive programs. Incentive programs in other states also require the use of PV modules and inverters on the CEC list. A complete list of eligible inverters and test results are available online.Inverter efficiency testing is conducted over the entire power range of the inverter, and at minimum, maximum and nominal DC operating voltages. Inverter efficiency rises quickly with a low power levels, and most inverters reach at least 90% efficiency at only 10% of their maximum continuous output power rating.  Reference: List of Eligible Inverters per SB1 Guidelines, California Energy Commission: http://www.gosolarcalifornia.org/equipment/inverters.php
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Maximum Power Point Tracking 

 
 All interactive inverters employ maximum power point tracking 

(MPPT) functions to extract maximum output from PV arrays. 
 Some inverters use MPPT at the source circuit or subarray level to 

maximize array output.  
 

 MPPT is not usually incorporated in battery-based inverters, 
although some charge controllers provide MPPT functions. 
 

Presenter
Presentation Notes
All interactive inverters employ maximum power point tracking (MPPT) algorithms in the inverter circuitry to load PV arrays at their maximum output condition. Some smaller inverters use independent MPPT on each source circuit input. Larger systems may incorporate MPPT for source circuits or subarrays at distributed combiner boxes throughout the array. This allows the maximum output to be extracted from larger arrays with multiple source circuits that may have different I-V characteristics. The different I-V characteristics may be due to using dissimilar modules or numbers of modules in series strings, parts of the array orientated in different directions, temperature variations or partial shading within the array.Stand-alone inverters operating from batteries do not normally include integral MPPT circuits because they do not directly operate or control a PV array. However, external MPPT battery charge controllers may be used to interface between an array and battery that is powering a stand-alone inverter. This MPPT application also improves array utilization and battery charging, but does not directly impact operation of the inverter.Reference: Photovoltaic Systems, p. 219
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Positive or Negative Grounding 

 
 Most interactive inverters allow configurations for grounding 

either the positive or negative pole of the PV array. 
 

 Performance enhancements are achieved with certain PV modules using 
a ground reference (SunPower). 

Presenter
Presentation Notes
Most interactive inverters allow configurations for grounding either the positive or negative pole of the PV array. Performance enhancements are achieved with certain PV modules (Sunpower and some thin-film products) with a ground reference. A high impedance ground connection can be used for these systems to operate with ungrounded inverters. 
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Grounded vs. Ungrounded Arrays 

 
 The grounding method for PV arrays affects the design of 

inverter switching, as well as overcurrent protection and fault 
detection for the system. 
 

 All U.S. inverters prior to 2010 use a grounded DC current-
carrying conductor from the array (positive or negative). 
 

 Ungrounded PV arrays are permitted by the NEC, and can help 
facilitate fault detection within the array. Special requirements 
apply to these inverters and systems. 

Presenter
Presentation Notes
Grounded and ungrounded arrays differ in the way that faults are detected within the array and affect inverter designs. All interactive inverters manufactured for the U.S. market prior to 2010 ground either the positive or negative DC output circuit conductor from the array. DC faults are detected and interrupted by inverter GFID circuits. However, smaller faults below the rating of the GFID fuse may go undetected, and faults between the grounded circuit conductor and ground are not detected and may circulate within the array. This situation occurred at a Target store in Bakersfield, CA in 2009, resulting in a fire.Ungrounded PV arrays are permitted by NEC 690.35, and commonly used throughout Europe. These designs have additional requirements over grounded PV arrays, but offer certain advantages for fault protection. Inverters used with ungrounded arrays are required to be listed and approved for ungrounded operation. Ungrounded arrays require overcurrent protection and disconnect means in both the positive and negative circuits, and special double-insulated cabling or conduit is required. With ungrounded arrays, ground faults are measured between each pole of the array and ground. Circulating fault paths within the array are not possible, and faults can measured at much lower levels. All systems still must have equipment grounding whether they use grounded or ungrounded arrays.References: NEC 690.35
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Bipolar Inverters 

 
 Bipolar inverters use two monopole PV subarrays for DC input, 

with a positive and negative pole, and a center tap ground. 
 

 1200 VDC maximum voltage to inverter bus.  
 +600 VDC and -600 VDC PV output circuits referenced to ground. 
 Conductors and equipment need only be rated for 600 V if the PV output 

circuits for each monopole arrays are run in separate conduit. 
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SMA America 

 
 Interactive PV inverters from 700W to 500 kW 

 
 Stand-alone inverters 5 kW 

 
 www.sma-america.com 
 

SMA America Family of Inverters SMA 

Presenter
Presentation Notes
Reference: www.sma-america.com

http://www.sma-america.com/
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Sunny Boy 2000HFUS /  
2500HFUS / 3000HFUS 

 
 Residential string inverter 

 
 2-3 kW AC output 

 
 Integrated DC disconnect   

 
 Positive or negative ground  

 
 Indoor and outdoor rated  

 
 High-frequency, lightweight  

 
 10 year standard warranty  

SMA 

Presenter
Presentation Notes
Reference: www.sma-america.com
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Sunny Boy 2000HFUS /  
2500HFUS / 3000HFUS 

SMA 

Presenter
Presentation Notes
Reference: www.sma-america.com
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Sunny Boy 2000HFUS /  
2500HFUS / 3000HFUS 

SMA 

Presenter
Presentation Notes
Reference: www.sma-america.com
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SMA Sunny Boy and  
Sunny Tower 

 3 to 8 kW single-phase string 
inverters. 
 

 Integrated load-break rated DC 
disconnect with fused combiner. 
 

 Tower configuration allows 6 
inverters to connected to 3-phase 
systems. 

SMA 

Presenter
Presentation Notes
Reference: www.sma-america.com
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SMA Sunny Boy 6000US  
Configurations and Label 

Locations and configuration for 
GFID fuse and array grounding. 

Listed interactive inverter 

AC power, voltage 
and current ratings 

DC voltage and 
current ratings 

Presenter
Presentation Notes
Key inverter specifications and configuration information are included on nameplate labels.Reference: www.sma-america.com
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SMA Sunny Boy 6000US 
Wiring Terminals 

DC input terminals AC output terminals 

GFID and grounding configuration 

Presenter
Presentation Notes
Reference: www.sma-america.com
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SMA Sunny Boy 6000US 
Internal Components 

DC input 
capacitors 

Monitoring display 

Presenter
Presentation Notes
Reference: www.sma-america.com
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Sunny Boy Specifications 
5000 US / 6000 US / 7000 US 

SMA 

Presenter
Presentation Notes
Reference: www.sma-america.com
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Sunny Boy Specifications 
5000 US / 6000 US / 7000 US 

SMA 

Presenter
Presentation Notes
Reference: www.sma-america.com
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Sunny Tower 36 / 45 

SMA 

Presenter
Presentation Notes
Reference: www.sma-america.com
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Sunny Tower 36 / 45 

SMA 

Presenter
Presentation Notes
Reference: www.sma-america.com
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SUNNY CENTRAL 250U / 
500U 

 
 250 kW and 500 kW AC power 

output. 
 

 97% weighted efficiency with 
integrated isolation transformer  
 

 Graphical LCD interface  
 

 Optional combiner boxes  
 

 Install indoors or outdoors 
 

SMA 

Presenter
Presentation Notes
Reference: www.sma-america.com
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Sunny Central 250U / 500U 

SMA 

Presenter
Presentation Notes
Reference: www.sma-america.com
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SUNNY CENTRAL 500HE-US 

 
 

 500 kW high-frequency design, 
lower weight. 

SMA 

Presenter
Presentation Notes
Reference: www.sma-america.com
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SUNNY CENTRAL 500HE-US 

SMA 

Presenter
Presentation Notes
Large inverters are configured with multiple source circuits, combiner boxes and subarrays, and interconnected to the grid at distribution-level voltages. Reference: www.sma-america.com
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Satcon PowerGate Plus Inverters 

 
 30 kW to 1 MW inverters for 

commercial, utility scale and 
hybrid off-grid applications. 
 

 www.satcon.com 
 

 

Satcon 

Presenter
Presentation Notes
Reference: www.satcon.com

http://www.satcon.com/


 2012 Jim Dunlop Solar Inverters: 8 - 100 

Utility-Scale Inverters 

Satcon 

Presenter
Presentation Notes
Reference: www.satcon.com
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Fronius USA  

 Interactive PV inverters from 2-12 kW 
 

 IG Plus units have separable wiring compartment and inverter power 
stage, includes internal DC diconnect and source circuit fuses. 
 

 High frequency, multi-stage design and smaller transformers yield low 
weight, 95%+ efficiency 
 

 www.fronius.com 

Fronius 

Presenter
Presentation Notes
Reference: www.fronius.com

http://www.fronius.com/
http://www.fronius.com/cps/rde/xchg/SID-7E34C167-40A50ECC/fronius_usa/hs.xsl/48.htm
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Fronius IG Plus 
Input Data 

Fronius 

Presenter
Presentation Notes
Reference: www.fronius.com
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Fronius IG Plus 
Output Data 

Fronius 

Presenter
Presentation Notes
Reference: www.fronius.com
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Fronius IG Plus 
General Data 

Fronius 

Presenter
Presentation Notes
Reference: www.fronius.com
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Sizing PV Arrays for  
Interactive Inverters 

 
 Interactive inverters can usually handle PV array DC power input 

levels 110-130% or more of the continuous AC output power 
rating. 
 Inverters thermally limit array DC input and power tracking at high 

temperatures and power levels.   
 

 Array voltage requirements are critical: 
 Voltage must be above the minimum inverter operating and MPPT voltage 

during hottest operating conditions. 
 Voltage must not exceed 600 VDC or the maximum inverter operating 

voltage during the coldest operating conditions. 

Presenter
Presentation Notes
Interactive inverters can usually handle PV array DC power input levels 110-130% or more of the continuous AC output power rating, especially in warmer climates. Inverters thermally limit array DC input and array power tracking at high temperatures and power levels. PV array must also not exceed the maximum DC input current limits for the inverter.  Array voltage requirements the most critical part of sizing arrays for interactive inverters. Array voltage is affected by the site ambient temperature range and the array mounting system design The array voltage must be above the minimum inverter operating and MPPT voltage during hottest operating conditions, factoring in annual voltage degradation of 0.5-1% per year. Array voltage must also not exceed 600 VDC or the maximum inverter operating voltage during the coldest operating conditions. Exceeding maximum voltage limits violates electrical codes and voids manufacturer warranties. Use record lows or ASHRAE 2% minimum design temperatures to determine maximum array voltage.Reference: Photovoltaic Systems, p. 220-223 
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String Sizing Tools 

 
 Interactive inverter manufacturers offer online string sizing tools 

to determine the appropriate PV module configurations for their 
products. 

 
 Inverter specifications define the operating limits for PV array DC current, 

voltage and power. 
 

 PV module specifications and site temperature extremes are used to 
estimate the range of array voltage and power output for specific series 
and parallel module configurations appropriate for the inverter.  

Presenter
Presentation Notes
All tools include a disclaimer and strongly recommend that calculations should be made independently and verified by system designers using actual application conditions and module temperature response.Reference: Photovoltaic Systems, p. 220-223 
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String Sizing  

Voltage 

Array voltage decreases with 
increasing temperature 

0°C 

-25°C 

25°C 

-50°C 

STC 

DC Input Operating Range 
Inverter MPPT Range 

PV Array IV Curves at 
Different Temperatures 

Presenter
Presentation Notes
Properly configuring PV arrays for interactive inverters involves an understanding the array IV characteristics and temperature effects.Reference: Photovoltaic Systems, p. 220-223 
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SMA String Sizing Software 

SMA 

Presenter
Presentation Notes
String sizing tools use inverter and module specifications to determine appropriate array configurations. Suggested Exercise: Try out string sizing tools from various inverter manufacturers.Reference: www.sma-america.com
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SMA String Sizing Software 

SMA 

Presenter
Presentation Notes
The array mounting system design and site temperature ranges dictate the allowable series-parallel array configurations using a specified module and inverter.Reference: www.sma-america.com
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SMA String Sizing Software 
Predicted Results 

SMA 

Presenter
Presentation Notes
The number of series-connected modules, their open-circuit voltage and minimum site temperatures define the maximum DC system voltage. Maximum system voltage will occur early in the morning on the coldest day.Suggested Exercise: Validate the results in the spreadsheet using manual temperature coefficient calculations.Reference: www.sma-america.com
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SMA String Sizing Software 
Predicted Results 

SMA 

Presenter
Presentation Notes
The minimum open-circuit voltage occurs during the middle of the day on the hottest day of the year. Note that the actual array operating temperature will be 25-35°C above the maximum ambient temperatures listed in the table.  The maximum (peak) power voltage for the array under load will be about 80% of the open-circuit voltage.Reference: www.sma-america.com
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SMA String Sizing Software 
Predicted Results 

4) Estimated Inverter Maximum Output Power vs. High Temperature (°C/°F)  

SMA 

Presenter
Presentation Notes
Reference: www.sma-america.com
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SMA String Sizing Software 
Predicted Results 

5) Estimated Inverter Maximum Output Power vs. Low Temperature (°C/°F)  

SMA 

Presenter
Presentation Notes
Reference: www.sma-america.com
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SMA String Sizing Software 
Predicted Results 

6) Estimated PV Array Maximum Output Power vs. High Temperature (°C/°F)  

SMA 

Presenter
Presentation Notes
Reference: www.sma-america.com
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Monitoring and Communications 

 
 All interactive inverters included integral monitoring and 

communications interfaces to record, display and retrieve key 
operating and performance information, including: 
 DC input operating parameters (array voltage, current and power) 
 AC output parameters (grid voltage, current and power) 
 Energy production (daily and cumulative) 
 Fault conditions and error codes 

 
 Data and operating status may be indicated on inverter panel 

and/or retrieved remotely through communications interfaces. 
 Additional sensors for temperatures and solar radiation may be added to 

some inverters and aftermarket monitoring systems. 

Presenter
Presentation Notes
All interactive PV inverters provide monitoring functions.Reference: Photovoltaic Systems, p. 225-226
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SMA Inverter Monitoring 

SMA 

Presenter
Presentation Notes
With most modern inverters using on-board microprocessor controls and data acquisition, many provide an interface for monitoring, communications. Some take the form panel displays and controls on the inverter itself, and others may use communications interfaces and provide computer software for remote monitoring or control. Interactive inverters provide a visual indication of interconnection status, either by a LED or panel display. Many of these display additional data, such as AC output voltage and power, DC input voltage, MPPT status, among other parameters. Error codes or other indications are also typically given for any number of fault conditions that cause inverters to shut down. Many interactive inverters include on-board metering to record energy production on a daily and total basis. This information can be helpful is verifying system performance, and can sometimes be used for renewable energy generation credits.Reference: Photovoltaic Systems, p. 225-226
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String Inverter Manufacturers 

 
 Fronius USA:  

 IG Plus 3 to 12 kW 
 

 KACO new energy:  
 1.5 to 5 kW 

 
 Motech: PVMate 

 2.7 to 5.3 kW 
 

 Power One:  
 3 to 6kW 

 
 PV Powered:  

 1.1 to 5.2 kW 
 

 SMA America:  
 700W to 7 kW 

 
 Solectria Renewables:  

 1.8 to 5.3 kW 
 

 Xantrex Technology:  
 2.7 to 5 kW 

 

Presenter
Presentation Notes
The above lists leading manufacturers of string inverters 2 kW to 12 kW.
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Large Inverter Manufacturers 

 
 Advanced Energy 

 
 Fronius 

 
 Ingeteam 

 
 Kaco new energy 

 
 Power-One 

 
 PV Powered 

 
 Satcon Technology 

 
 Schneider Electric 

 
 Siemens Industry 

 
 SMA Solar Technology 

 
 Solectria Renewables 

 

Presenter
Presentation Notes
The above lists leading manufacturers of commercial and utility-scale inverters 100 kW and higher.
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Summary 

 Inverters are used in PV systems to convert DC power from batteries or 
PV arrays into AC power suitable for loads. 
 

 Different components and circuitry are used in various inverter designs. 
 

 Stand-alone inverters operate from batteries and supply AC power to 
dedicated loads off-grid. 
 

 Interactive inverters operate from PV arrays and produce AC power to 
interface with the utility system. Types of interactive inverters include 
module-level, string, central, utility-scale and bimodal inverters. 
 

 Most inverters incorporate monitoring and communications functions to 
record and display system operating parameters, fault conditions and 
performance information.  

Presenter
Presentation Notes
Reference: Photovoltaic Systems, p. 226-228
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Questions and Discussion 

Presenter
Presentation Notes
Reference: Photovoltaic Systems, p. 226-228
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