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In the beginning 
Local schemes - DC 
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First electric schemes are only for lights or are basically 
flexible driveshafts. The generator does whatever the 

single load needs 



But 
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Crank the 
voltage up! It’s 
barely moving 

She’s already at full 
power, Captain! 
She won’t take 

anymore! 

What’s going on? 

Actually the 
voltage seems 

a bit high! 



Losses and voltage drop 
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Voltage pushes electrons 
around a circuit transferring 

energy along that circuit 

Even in really good conductors it takes energy to knock 
the electrons out of the atoms orbit and along the 

conductor. This draws energy from the energy transfer 

This energy is then 
lost as heat (losses) 

Losses = I2.R 
(Twice the current 
in the conductor = 

four times the 
losses) 

Current (I) is the number of 
electrons passing a point per 
second 

Power is the amount of energy per electron (V) times the number of 
electrons per second (I) 



Power = voltage x current 
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Current is the same 
at every point in the 

same circuit 

Power in =  
voltage in x current Power out =  

voltage out x current 
(if Pout = 90% of Pin 

then 
Vout = 90% of Vin) 

Losses manifest as 
voltage drop 

Mmm, warm feet! 



Marketing wars – 19th century styles 
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Hmm, if we lift the 
voltage then we lower 

the current. Less 
current, less losses. But 

we can’t have the 
voltage too high in the 
building. We need to 
change the voltage 

Because there’s a 
really good water 

source over there. Lot’s 
of power and really 
cheap on a per kWh 

basis. 

What about these 
transformers? I hear 

they’re a cheap way of 
changing voltage. 

It’s impractical and 
costly to change DC 
voltage. What do you 

want to send the power 
so far for? 

Well DC doesn’t work 
like that. You’ll need 

smaller systems. Don’t 
worry I can sell you 

plenty of plant! 

Pah! Transformers only 
work on AC, and AC is 
ridiculously complex! 
Besides motors won’t 

run on AC. 



Bring it on! 
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Let me introduce 
Nikolai Tesla 

I’ve designed an 
AC system. It’s 

not too 
complicated and 

motors work really 
well on it. 

$%^&!   *&^%   
#%$^   %^%* 

And I can sell you 
AC systems and 
plenty of cheap 
transformers! 



Three phase 
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In fact my system uses 
three phases of AC arranged to create a 

rotating magnetic field – very efficient for motors! 
 
 
 
 
 
 
 
 
 

And if you take supply from one phase to the 
neutral you get a lower voltage to use on other 

appliances 
 

Neutral 400 volts 
230 volts 



AC wins! 
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Transformers 
step voltage up 

 and 
Transformers 
step voltage 

down 

 High voltage to move 
power distance – lower 

losses, lower voltage drop 

 Voltage fit for purpose at 
installations 

Meh…. 



Business is interested 
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Now that’s some real 
power. I’m going to dam 
the river at Huka Falls 

transmit the power at high 
voltage and sell it to the 

gold mines at Waihi. 
 

I’ve got London money 
VERY interested!! 



But so is the Government 
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WHOA! 
 

New Zealand’s 
hydroelectric resources 

are not for private 
interests but will 

developed by the State for 
all New Zealanders. 

 
The State will build all 
hydroelectric power 

stations from now on! 
Umm…. we’re not 

ready to build anything 
yet 

Almost all hydroelectric 
power stations will be 
built by the State from 

now on! 



Strategic economic development 
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Right, let’s get cracking. 
Here’s a budget for some 
big hydroelectric power 

stations and 110kV lines. 
 

And with this much 
invested, unless you get 
permission from us, you 
have to buy your power 

from one of our 
substations. 

For jurisdiction purposes 
let’s define transmission 

as upstream of our 
substations and 

distribution is downstream 



Power Boards 
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This is crazy! We’ve got 
these big hydroelectric 

stations and transmission 
lines all over the country. 

 
We need to get people 
connected. And not just 

the wealthy – everybody! 



Electric-power Boards Act 1925 
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We’d like to form a 
Power Board, please! 

So, that’s the rich dairying region of Te 
Awamutu plus the less populated 
regions of Kawhia and Pukeatua Er, no. Just the Te Awamutu 

region, please. 

Oh, I’m sorry. I thought you wanted a 
power board 

Oh, I see. Yes, that’s right – 
Te Awamutu, Kawhia and 

Pukeatua. 



Lines companies 
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93 Power Boards and Municipal 
Electricity Departments 
 
+ 
 
Amalgamation, corporatisation, 
deregulation, further amalgamation, 
split of lines and energy and 
reregulation 
 
= 
 
29 Lines Companies 



Reticulate, reticulate, reticulate 

16 

Connecting everyone up became as strong a policy plank as building lots of 
hydroelectric power 

 -
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Number of customers connectedRural Electricity 
Reticulation Council 
After WW2 subsidies were 
available to Power Boards 
to connect remote rural 
customers where the 
amount they would pay in 
tariffs wouldn’t warrant the 
cost of lines 

But in how many cases 
would local DG been a 
better option? 



Continuance of supply 
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Arguably gives an advantage to Distributors for what could be a 
contestable alternative service 

 
BUT 

 
Distributors say customers are reluctant to give up the obligation and 

fight the removal of the power lines for an alternative service 



Statutory specifications 
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Right, every person that 
buys an electrical 

appliance needs to know 
it’s going to work. We 

need standard 
specifications for 

appliances and supply 
 

50Hz ± 1.5% 
230V/400v ± 5% (LV) 

And, while we’re at it, we 
need to make sure things 

interconnect and are 
standard across the 

country – so: 
11kV, 22kV & 33kV for 

distribution (HV) 
66kV and 110kV for 
transmission (EHV) 

And, safety first! 
 

So, here’s some 
Energy Safety 
Regulations. 



Safety 
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Circuit breakers 
to switch off 
faults 

Fuses to more 
cheaply isolate 
smaller faults 
and lower 
voltages 

Protection devices need to 
be able to detect a fault – 

high current 



MENS 
Multiple Earthed Neutral System 
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At every point in the system the distributor must ensure there 
are sufficient earth paths and low enough earth resistance that 
any conductor touching earth will blow fuses or operate CBs 



Too much of a good thing… 
Fault current 
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If the power supply is very strong and earth 
resistance low then the fault currents can be 

too high even for the fuses and CBs 

Some zones or sites may need an Neutral 
Earth Reactor to limit earth fault current 



Isolation 
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Need plenty of switches and fuse break points so that 
sections of lines can be isolated and made safe for the 

safety of workers and the public 



Substations 

23 

A structure on the electric power system where voltage is changed 
– i.e. it has transformer(s) 

Grid substation Zone substation Distribution substation 

Grid to zone/distribution Zone to distribution Distribution to low voltage 

Different ‘taps’ give 
higher or lower output              

voltages 

Typically automatic On-Load 
Tap Changers (OLTC) 

dynamically adjust output voltage 

Typically manual fixed 
taps – set at installation or 

changed infrequently 



Managing voltage – 
Setting transformers tap changers 
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Low load 

Grid sub 
Auto OLTC 

Keeps voltage 
normal at light load 

Dist sub 
Fixed tapping at 

-2.5% 

224V (-2.5%) 242V (+5%) 

Dist sub 
Fixed tapping at 

+5% 

Lightly loaded long HV line - 
small voltage drop (~0%) 

High load 

Dist sub 
Fixed -2.5% 

242V (+5%) 219V (-5%) 

Dist sub 
Fixed +5% 

Heavily loaded long HV line – 
large voltage drop (-17.5%) 

Grid sub 
Auto OLTC 

Keeps voltage high 
at heavy load 

+7.5% 
The substation settings are keeping voltage within 
spec despite 0% - 17.5% voltage drop on HV line 

230V (0%) 

247V (+7.5%) 
HV voltage (-10%) 



Managing voltage 
Keep power factor high 
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Keeping current down reduces losses (I2.R) and voltage drop (I.Zline) 

What’s Z? Edison wasn’t kidding when he said AC was complex 
In AC circuits there are devices that can make the 

current get out of phase with the voltage 

Voltage 
Current (pushed out of 
phase by inductance) 

Power you expect to get Power you actually get 

The ratio of power you get to the power you think you 
should be getting for the current is power factor 

The power we get is W or kW or MW 
The power we think we should get for the current 

is VA or kVA or MVA 
 

𝑃𝑃.𝐹𝐹 =
𝑊𝑊
𝑉𝑉.𝐴𝐴 =

𝑘𝑘𝑊𝑊
𝑘𝑘𝑉𝑉.𝐴𝐴 =  

𝑀𝑀𝑊𝑊
𝑀𝑀𝑉𝑉.𝐴𝐴 

 
Low power factor means higher current, losses 
and lower voltage than you should have for the 

power consumption 

𝑉𝑉𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 =  𝐼𝐼𝑑𝑑𝑟𝑟𝑟𝑟𝑟𝑟 + 𝑗𝑗. 𝐼𝐼𝑑𝑑𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 2. 𝑅𝑅 + 𝑗𝑗.𝑋𝑋  
 

AC really is complex 



What causes low power factor? 

26 

What causes inductive reactance? 

kW 

kVAr 

kVA 

θ 

P.F = cosθ 



Correcting power factor 
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What corrects inductive reactance? 
Capacitive reactance 

kW 

capacitive kVAr inductive 

kVA 

But you have to be careful 
 
 
 
 
 
 
 
 

Some combinations of inductors and capacitors can cause 
resonance, which can generate very high voltages and 
currents. And induction generators can be very tricky 

 



Managing voltage 
Keep peak load down 
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2 position switch 
Water Heater OR Range 

Pilot wire system for 
controlling HW cylinders 

Ripple injection receiver 
Uses pulses on the lines to 

control load 

Increasingly using 
price to manage load 



Managing voltage through investment 
Reconductoring 
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High load 

Dist sub 
Fixed -2.5% 

242V (+5%) 219V (-5%) 

Dist sub 
Fixed +5% 

Use larger conductors to get 
resistance down 

Grid sub 
Auto OLTC 

Keeps voltage high 
at heavy load 

+7.5% 



Managing voltage through investment 
Reconductoring – but there is a limit 
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No load 

0V (+0%) 0V (-0%) 

Dist sub 
Fixed +5% 

One span of 60m of 3 wire 70mm2 
conductor presents almost 2m2 of 

surface area to the wind 
– one span! 

Can reach the point where the line you 
need to build to hold bigger conductors 

costs more than other options 

Wow! There was a bit of wind last night. 



Managing voltage through investment 
Voltage regulators 
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Voltage regulator with OLTCs 
can give HV line voltage a boost 

A cheap form of transformer (autotransformer) 
can be used to boost voltage 



Other voltage problems 
Sag, swell and flicker 

32 

The change in voltage between high load and low load is significant and so if 
there are quick changes in load, the change in voltage is noticeable to 
consumers 

Motor starting current 

Now, what if you 
have big motors 

starting and 
stopping at all 

times? 

Big arc welders can 
pulse the current rapidly 

Connection requirements 
 
Motors must have soft starters or current limiters 
 
Equipment such as welding most have smoothing filters 
 
 
Even so, if the voltage range is being pushed to the limit 
consumers will have noticeable short term changes in voltage and 
maybe even flickering lights 



High resistance problems 
Earth Potential Rise 
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Any out balance current between 
the phases goes down the neutral 

High neutral current in high resistance neutral = high V 

With an elevated neutral voltage some 
current will also flow through earth 

The earth also has resistance so you get voltage 
rise in the earth – this can get dangerous 

V V V V V 

Try hooking even a few 
volts on to your udder! 



Ultimately… get the voltage up 
Sub-transmission 
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33kV section reduces current by a third 
reducing voltage drop by a third 

and losses by a ninth 11kV section significantly shorter 
resistance much lower 

Significant cost 
in new zone 
substation 

Significant cost 
in grid substation 

upgrade 

Much better 

But… 

And don’t forget to change the distribution substation taps for the new voltage profile 



Reliability – keeping the lights on 
Discrimination 
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Protection – many protection devices allow many points 
of disconnection in a fault. 
Discrimination – the activation of a protection device 
interrupts as few consumers as possible, but there is 
always a back up in case of a protection failure 

If fuses on the 
LV fail then the 

dist sub LV fuses 
should operate 

If the dist sub LV fuses fail the the sub HV 
fuses should operate. The HV fuses should 

operate for a failure of the transformer 

If HV fuses fail 
the sectionaliser 
should operate, 
or for any fault 
downstream  If sectionaliser 

fails the vacuum 
recloser should 
operate, or for 

any fault 
downstream  

Feeder CB 
backs up the 

vacuum recloser 
and clears any 
faults close in 

If the feeder is heavily loaded close in and 
lightly loaded after the VR then there is a 

risk the CB will trip first disconnecting 
more consumers than necessary 



Reliability – keeping the lights on 
Backfeeding 
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V V 

X X 

Feeder 1 

Feeder 2 

ABS 
1 

ABS 
2 

ABS 3 

Sub 
123 

Close ABS 3, open ABS 2, open ABS 1 – Distribution sub 123 is the only one without power 

But the backfed area must be capable of being fed from feeder 2 

Work Order 
 
1. Change wooden poles 

 
2. Check all crossarms 

 
3. Test substation earths 

 
4. TRIM TREES! 

 
 



Reliability – keeping the lights on 
Ring feeds 

37 

Feeder 1a 

Feeder 1b 

CB1 

CB2 

CB3 

CB4 

Power fed from both 
directions in a ring or 
loop 
 
A fault between CBs 
should open those 
breakers leaving the rest 
of the feeder with no 
interruption 

Protection coordination is expensive and 
difficult and would usually need CBs 
(normally within zone substations) 
 
Mainly for sub-transmission 



Harmonics 
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In 1965 the first HVDC link in New 
Zealand was commissioned 

So, I’ll be 
working late 

tonight 

I’ll put your 
dinner in the 

oven 

Benmore 

Haywards 
And most of the phones in the South 

Island stopped working 

Hello…. 
Hello… 

Hello…. 



Harmonics 
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Benmore 

Haywards 

Let’s use an Oscilloscope to check 
the AC voltage in the South Island 

Okay, switch on the HVDC Oh! 



Things that don’t like harmonics 
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Hello…. 
Hello… 

Hello…. 



Power electronics 
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Inverters, rectifiers, converters, power supplies 
are all fast switches 

but –  
with filtering 

This fast 
switching is 
a source of 
harmonics 

All equipment purchased should meet AUS/NZ and 
international standards for harmonics 

 
With distortion of the AC waveform within standard then the 
equipment will work correctly and won’t make things worse 

 
IF the equipment does meet the standard 



BUT…. 
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Slightly off-standard supply 

+ 

Many identical devices that 
just meet the standard 

+ 
Hit a harmonic resonant frequency 

Hello…. 
Hello… 

Hello…. 

And then you need… 
 
 
 
 
 
 
 
 
 
 
 



Distributed generation 
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A distributed generator could be big or it could be small 
It could help a lot or it could be more problematic 
But for every one (at least at a policy level) 
you have to consider… 

What does it do to losses and voltage? 
How is it going to be protected? How do I isolate it if I’m working on 
the lines? What will it do to fault current? 
How does it affect my voltage profile? 
Does it affect power factor? Can it contribute to power factor control 
or voltage correction? How would we coordinate it? 
Can it be coordinated with load control? How? 
Do I need to reconductor the line for the DG current? 
Will my substations work properly if the power comes from the other 
direction? 
What does it do to voltage regulators? 
If this is starting and stopping frequently will it cause voltage sags 
and swells? 
I WILL need to change my protection, how do I achieve 
discrimination? 
This could help backfeed, but how do I safely coordinate it? 
Does it use power electronics? Will it meet the standards? How will it 
react if it suffers distortion outside of the standard? 



Micro DG – solar and/or batteries 

44 

V V 

X X 

Feeder 1 

Feeder 2 

ABS 
1 

ABS 
2 

ABS 3 

Sub 
123 

I probably don’t have to ask all these questions for a few solar 
panels and battery packs 



But what about 100? 
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V V 
X X 

Feeder 1 

Feeder 2 

ABS 
1 

ABS 
2 

ABS 3 

Sub 
123 



Or 1000? 

46 

V V 
X X 

Feeder 1 

Feeder 2 

ABS 
1 

ABS 
2 

ABS 3 

Sub 
123 



Or more? 
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V V 
X X 

Feeder 1 

Feeder 2 

ABS 
1 

ABS 
2 

ABS 3 

Sub 
123 



But DER isn’t just a problem to be 
solved 
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EVs 
Programmed 
charging and 
potential 
backfeed 

Micro-generation 
contributes to 

energy balance 
and renewable 

targets 

Inverters capable of 
providing or interfacing 

for distribution and 
energy services (e.g. 
voltage support, P.F. 

correction) 

Batteries provide flexible input and 
output for load and generation 

Home automation can 
use flexibility of 

consumer preferences 
and innate energy 

storage for demand 
response  



Energy services 
Demand side opportunities 
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Distributed Energy Resources (DER) can provide: 
• low emissions generation, and 
• some of the flexibility services a low-emissions 

system requires 
 
 
 
 
But some services are not currently priced at the 
grid level, let alone demand side; this limits the 
role that DER could play in assisting a transition 
to low emissions. 
 

[chart??] 

SYSTEM PEAK 

HYDRO INFLOWS 



Energy services 
Frequency 
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DER can provide ancillary service (frequency keeping and instantaneous reserve) 
but.. 

Fast Instantaneous Reserve required to stop 
frequency drop within 6 seconds 

Sustained Instantaneous Reserve 
required to get frequency up within 60 
seconds and hold for 15 minutes 

When there is a big fault on the system 

Source: 
Transpower 

The speed of 
drop only gives 
us enough time 
to react because 
of inertia Solid state solar panels 

and inverters (no inertia) 

Wind turbines have D-Fig connections to 
reduce shock loading on blades 
But no inertia! 

If new renewable energy comes from wind and solar, or other 
solid state connected generators, when do we need incentives 

to provide inertia, or provide even faster IR? 



Productivity Commission report 
What did we say? 
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Efficient coordination of Distributed 
Energy Resources (DER) 
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But for the full potential value of DER to be realised, and DER owners to be 
properly rewarded for the services they provide, the system’s need for 
resource adequacy services needs to be signalled to them.  The evolution of 
automation, smart grids and control systems means that this signal may go 
straight to a control system, rather than to a consumer per se, but this is a 
semantic point.  The point is that signalling is both an economic and technical 
problem, not just a technical one. 



Let’s allow flexibility of systems 
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Home 
automation 

Distributed Energy Management  

Distribution Locational Marginal Pricing 

Wholesale Market 



Coordination 
 
All should have the same objective - maximise:  
Consumer demand for energy @ 
Consumer preference for quality and reliability @ 
Lowest cost 
 
 
But several local optimisations do not guarantee global optimisation 

54 



The ROLE of 
Distribution System Operator 
In this context the primary purposes of a DSO are to: 
• ensure all power system resources (including DER) have competitive access to common 

infrastructure, optimised for all competing resources, and at a reasonable cost for monopoly 
assets, and 

• coordinate DER (including smart, flexible demand) so that participant’s preferences for security, 
quality and reliability are maintained, while recognising each load’s and generating source’s 
influence and preferences on marginal cost and marginal benefit. 

 
With many local smart networks developing dynamically, the role of the DSO would be to: 
• licence local smart network operators while requiring: 

• competitive open access between monopoly infrastructure owners 
• security performance aligned with consumer preferences 
• the efficient dispatch of DER (including flexible demand) 
• correct local and global optimisation 

• provide the correct pricing signals to smart grids and other users to facilitate choice between local 
DER and using grid energy and services 

• provide the correct demand signals to the transmission network and wholesale market reflective of 
the above  

 
55 



Regulatory regime 
Is the regulatory regime fit for purpose longer term? (e.g.) 
• Continuance of supply 
• Bright line standards 
• Ownership and operation separation 
• Private preference vs common good 

56 



Transparency of information 

57 

National Opportunity Maps – explicit 
signals for where DER would provide 
extra value and how 

Smart metering data – 
managed to ensure privacy but 
enables competition for solving 

consumers problems or offering 
new choices 



Our core values are independence, integrity and objectivity 
Sapere aude – dare to be wise 

David Reeve 
+64 21 597 860 
www.srgexpert.com 
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